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Functional investigation of genetic variants found in long QT syndrome can provide evidence
that is needed to confirm the genetic diagnosis and establish the cause of the condition. We
performed functional assessment to determine the z-score, using a clinically calibrated auto-
mated patch clamp assay, for 2 missense KCNH2 variants found in 2 families that have been
diagnosed with long QT syndrome. These variants are currently classified as variant of uncertain
significance in ClinVar. The z-scores for homozygous and heterozygous NM_000238.
4:c.1819A>T p.(Ile607Phe) from family 1 were —5.16 and —3.97, respectively, and for het-
erozygous NM_000238.4:¢c.1832A>G p.(Tyr611Cys) from family 2 was —6.63. The z-scores for
these variants are consistent with severe loss-of-function phenotypes. We have established the
genetic cause of the long QT syndrome in these 2 families by providing validated functional
evidence that supports the pathogenicity of p.(Ile607Phe) and p.(Tyr611Cys). Clinical diagnosis
of long QT syndrome has been very successful in providing adequate clinical management for
patients. However, functional assessment of variants found in these patients by using variant-
specific z-scores can further enhance the current clinical management of patients with long
QT syndrome through shared decision making based on validated experimental evidence.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

The Article Publishing Charge (APC) for this article was paid by Jamie Vandenberg.
Reema W. Aljassar and Qianyi Shen are co-first authors.
"Correspondence and requests for materials should be addressed to Jamie I. Vandenberg, Victor Chang Cardiac Research Institute, 405 Liverpool St,

Darlinghurst, NSW 2010, Australia. Email address: j.vandenberg @victorchang.edu.au OR Mohammad A. Ebrahim, Department of Pediatrics, Faculty of
Medicine, Kuwait University, Kuwait City 24923, Kuwait. Email address: mohammad.ebrahim@ku.edu.kw OR Chai-Ann Ng, Victor Chang Cardiac
Research Institute, 405 Liverpool St, Darlinghurst, NSW 2010, Australia. Email address: c.ng@victorchang.edu.au

doi: https://doi.org/10.1016/j.gim0.2024.101868
2949-7744/© 2024 The Authors. Published by Elsevier Inc. on behalf of American College of Medical Genetics and Genomics. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0002-3859-3716
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0002-3120-5450
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:j.vandenberg@victorchang.edu.au
mailto:mohammad.ebrahim@ku.edu.kw
mailto:c.ng@victorchang.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gimo.2024.101868&domain=pdf
https://www.journals.elsevier.com/genetics-in-medicine-open
https://doi.org/10.1016/j.gimo.2024.101868
http://creativecommons.org/licenses/by-nc-nd/4.0/

2

R.W. Aljassar et al.

Introduction

Variants in 11 genes have been implicated in long QT
syndrome (LQTS)." Specifically, LQTS type 2 results from
pathogenic variants found in KCNH2 (HGNC:6251), which
encodes for the pore-forming a-subunit of the cardiac K*
channel (Ky11.1).

LQTS is challenging to diagnose because of incomplete
penetrance, dynamic changes in QT interval, and a high rate
of concealed QT prolongation.™ Once suspected, genetic
testing is the standard of care for confirming the diagnosis.*
Factors such as phenotype strength, rarity among ancestries,
segregation analysis, and data from previous reports or cases
can help to classify a specific variant.” However, most
missense variants identified in genetic testing are classified
as variants of uncertain significance (VUS)® because of
insufficient evidence. Recently, functional data obtained
using a calibrated automatic patch clamp (APC) assay can
enhance the clinical interpretation of KCNH?2 variants to aid
VUS reclassification.”*

Here, we present clinical details for 2 unique KCNH2
missense variants with 1 of them also present as homozy-
gous because of a consanguineous marriage. The functional
assessment based on z-score’ provides validated functional
evidence for variant reclassification to improve the clinical
management of these patients through shared decision
making.

Materials and Methods
Patient cohort and genetic testing

The index cases were referred to the Chest Diseases Hos-
pital in Kuwait for clinical management of their LQTS.
Targeted gene panel testing for LQTS was performed by
clinical testing laboratories using Sanger sequencing.

APC assay

A detailed protocol describing the generation of the KCNH2
DNA plasmid, Flp-In HEK293 cell and procedure to
perform APC experiment has been published.” Briefly, the
plasmids carrying both the variant and wild-type genes were
synthesized by GenScript Inc (Pistcataway). The heterozy-
gous KCNH? cell lines were generated by stable transfection
of plasmids into the Flp-In T-Rex HEK 293 cells (Ther-
moFisher, cat. #R78007). Ion channel expression was
induced by 48-h incubation with doxycycline (Sigma
Aldrich, cat. # D9891) and functional evaluation of variants
undertaken using a Syncropatch 384PE (Nanion Technolo-
gies). The current density was calculated by normalizing the
recorded current amplitude by cell capacitance and then
transformed to a normal distribution using a square root
function.”® The transformed current densities of VUS were

reported as 10th to 90th percentiles, and the z-score was
utilized to assess variant function.’

Functional interpretation of VUS

The determination of z-score for the KCNH2 VUS was
performed according to the calibrated KCNH2 APC assay
based on benign and pathogenic variant controls.” In brief, a
scaled functional evidence range is determined by calcu-
lating the average + standard deviation (z-score) of the
normalized current density from benign controls. Functional
normal range is within a deviation of + 2 z-score. A z-score
below —2 is considered as a loss of function (LoF), with the
severity increasing as the z-score becomes more negative.’

Results

Figure 1 shows the genetic diagnosis pathway integrated with
functional investigation to enable the interpretation of VUS in
KCNH?2 and facilitate the reclassification of VUS to likely
pathogenic if the VUS has an abnormal function. Below, we
discuss the application of this pathway to 2 families.

Family 1

The index case was a product of a consanguineous marriage
(Figure 2A), born with functional atrioventricular block due
to very prolonged repolarization (>600 msec) and bifid T
waves (Figure 2C). She had a rough course with frequent
symptomatic Torsades de Pointes, especially during febrile
episodes, despite pacing. She later received a dual chamber
implantable cardiac defibrillator (ICD) with frequent
appropriate shocks, left cardiac sympathetic denervation
therapy, and combination medical therapy including pro-
pranolol (later bisoprolol), flecainide, labetalol, and spi-
ronolactone. Eventually, after completing bilateral
sympathectomy, her symptoms could be controlled with
nadolol therapy. Genetic testing found a homozygous
variant in KCNH2 ((NC_000007.14:2.150951574T>A
NM_000238.4:c.1819A>T p.(1le607Phe)).

Her family history is impressive. She has a sister who
died soon after birth, after pacemaker implantation for 2:1
conduction and prolonged corrected QT (QTc) intervals (not
genotyped). Her brother (asymptomatic and on nadolol) and
mother (primary prevention ICD only) are both heterozy-
gous for the same variant. Both were found to have
borderline resting QTc intervals. The mother has a history of
appropriate shock once while fasting after surgery. The fa-
ther died suddenly at 37 years of age. Three aunts and 2
cousins died postpartum. Furthermore, a cousin died sud-
denly at 3 years with similar initial presentation as the
proband and after a febrile illness. Moreover, 2 uncles died
suddenly (1 preceded by a febrile illness). Unfortunately, all
deceased cases were not genotyped.
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Figure 1 Integration of functional investigation to improve management of LQTS. A validated APC assay can enhance the inter-
pretation of VUS and provide validated functional evidence for variant reclassification to likely pathogenic if the VUS is abnormal or to likely
benign if the VUS has a normal function with allele frequency higher than expected for the disorder (BS1). Created with BioRender.com.

The p.(Ile607Phe) is located in the pore domain and not repolarization but with QTc measuring at 460 msec. How-
present in gnomAD (v4.1), it is currently classified as VUS ever, the aunt has not undergone genetic testing. Cascade
in ClinVar (Variation ID: 418245). Functional investigation screening confirmed the diagnosis in the father and 2
using a validated APC assay shows both the homozygous asymptomatic siblings with similar abnormal repolarization.
and heterozygous p.(Ile607Phe) exhibiting severe LoF with There were 2 missense variants in ClinVar at this position,
z-scores of —5.16 and —3.97, respectively (Figure 2F). The one with pathogenic classification [NM_000238.4:¢.1831T>C
functional evidence for this variant would be recommended p.(Tyr611His)] and the other with likely pathogenic classifi-
to be applied at PS3_strong, which enables the reclassifi- cation [NM_000238.4:c.1831T>G p.(Tyr611Asp)]. These
cation of p.(Ile607Phe) to a likely pathogenic variant ClinVar submissions were submitted as research and literature
(Table 1) when using the ACMG/AMP framework.” curations and more critically, they were submitted before the

2015 ACMG/AMP framework. However, we have previously
Family 2 reclassified p.(Tyr611His) as a likely pathogenic variant.” As a

result, PMS5 criteria at supporting level would be applicable for
p-(Tyr611Cys). Functional investigation shows that it exhibits
sodes of fainting associated with seizures. The electrocar- a dominant-negative effect, lc(;))nsistent with other severe pore
diogram showed sinus bradycardia with 550 msec QTc domain in KCN H2 variants. = The z-score fgr p.(Tyr'61 1Cys)
(Figure 2D). He was started on nadolol without further was determined to be —6.'63, and our functional sv1dence is
symptoms. Genetic testing found a heterozygous variant in recomrilendsd to be applied at PSS_strQng, which ensbles
KCNH2 ((NC_000007.14:2.150951561T>C NM_000238. reclasmﬁc.atlon of p.(Tyr611Cys) from likely pathogenic to
4:¢.1832A>G p.(Tyr611Cys)). Similarly, p.(Tyr611Cys) is ~ Pathogenic (Table 1).
located in the pore domain and not present in gnomAD (v4.1).
It is also currently classified as VUS in ClinVar (variation ID: . .
1019935). Discussion

In terms of family history, the patient’s paternal aunt was
diagnosed with LQTS after presenting with sudden cardiac From the clinical perspective, both the KCNH2 p.(Ile607-
arrest. The father electrocardiogram showed abnormal Phe) and p.(Tyr611Cys) missense variants were highly

The proband is a 9-year-old male who presented with 2 epi-
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Figure 2  Clinical and functional investigation of KCNH2 variants. A. Pedigree for family 1 with p.(Ile607Phe). Proband was detected
to have homozygous p.(Ile607Phe). B. Pedigree for family 2 with heterozygous p.(Tyr611Cys). C. Electrocardiogram for index patient from
family 1. D. Electrocardiogram for index patient from family 2. E. A section of -50mV peak tail current of Ky11.1 channels encoded by
different KCNH2 variants. F. The quantified function based on z-score for different KCNH2 variants. The evidence levels from Thomson
etal’ were reproduced here with functionally normal range (z < + 2), mild LoF (=2 < z < —3), moderate LoF (=3 < z < —4), and severe LoF
(z < —4). Data are presented as 10th and 90th percentile, solid line indicates the median, and + indicates the mean. The normalized square
root transformed current density with standard deviation for homo-p.(Ile607Phe), het-p.(Ile607Phe) and het-p.(Tyr611Cys) were 0.40 + 0.12
(16% of wild type [WT]), 0.53 + 0.18 (28.1% of WT) and 0.24 + 0.06 (5.7% of WT), respectively. N values are shown in brackets.

suspicious for causing the LQTS in these families because indication that they likely had KCNH2-related LQTS. Both
both were highly penetrant and were not observed in the variants were predicted to be deleterious with REVEL
latest release of gnomAD v4.1. Bifid T waves was a strong scores'' of 0.917 and 0.952, respectively. However, they are

Table 1  ACMG/AMP criteria and classification pre and post functional evidence (PS3)
Family KCNH2 ACMG/AMP C(riteria Without PS3 With PS3

Family 1 c.1819A>T p.(Ile607Phe)  PM1, PM2_supporting, PP3, PS3 VUsS Likely pathogenic
Family 2 ¢.1823A>G p.(Tyr611Cys)  PM1, PM2_supporting, PM5_supporting, PP3, PP1, PS3  Likely pathogenic  Pathogenic

VUS, variants of uncertain significance.
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currently classified as VUS in ClinVar.'” Our functional
assessment using a clinically calibrated patch clamp assay’
found both variants to be abnormal with z-scores ranging
from —3.97 to —6.63.

The functional assessment of p.(Ile607Phe) (Figure 2E
and F) is consistent with the observed clinical presentation
in family 1 in which the homozygous p.(Ile607Phe)

(z = —5.16) found in the index case has a more severe
presentation than the heterozygous p.(Ile607Phe)
(z = —3.97) found in the sibling and mother. This is

consistent with our previous finding in which more negative
z-score correlates to a more severe disease and more pro-
longed QTc.” However, we do not have sufficient pro-
spective data yet to determine whether a specific z-score
value might inform therapy for such cases in the future and
provide guidance in terms of nontherapy versus medical
treatment, cardiac sympathetic denervation therapy, and
ICD solo/combination therapies. It is also possible that
functional assessment might help families further accept the
diagnosis and be compliant with therapies.

One limitation of the in vitro functional testing is that it
does not specifically interrogate the effect of environmental
triggers. For example in family 1, members with heterozy-
gous p.(Ile607Phe) often had episodes associated with
febrile episodes."”

Conclusion

Incorporating functional assessment into the diagnosis
pathway for LQTS will improve the clinical management of
patients. Functional evidence established for missense var-
iants can aid variant reclassification, especially for those
with severe LoF when PS3 is applied at strong level.

Data Availability

The current traces from the APC assay that support the
findings of this study are available as csv files upon request.
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