Even pore-localizing missense variants at highly
conserved sites in KCNQ1-encoded K, 7.1 channels may
have wild-type function and not cause type 1 long QT
syndrome: Do not rely solely on the genetic test
company’s interpretation
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Introduction

Long QT syndrome (LQTS) is an inheritable cardiac
channelopathy characterized by delayed ventricular cardio-
myocyte repolarization and cardiac action potential prolon-
gation that often presents as a prolonged QT interval on a
12-lead surface electrocardiogram (ECG).I'2 With a
prevalence as high as 1:2000,° LQTS may manifest with
episodes of syncope, seizures, or sudden cardiac arrest/sud-
den cardiac death typically triggered by exertion, extreme
emotion, or auditory stimuli, although events during rest
can also occur. However, LQTS is characterized by marked
clinical heterogeneity ranging from a lifelong asymptomatic
course to sudden death during infancy.”* The potential for
sudden cardiac arrest/sudden cardiac death without prior
symptoms underscores the need for prompt and accurate
diagnosis and prophylactic treatment.
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LQTS is typically inherited in an autosomal dominant
manner. About 75%—80% of patients with LQTS host mutations
in 1 of 3 genes (KCNQ1, KCNH2, and SCN5A) that encode for
ion channel o subunits responsible for maintaining proper car-
diac action potential and normal heart thythm. The KCNQI
gene encodes for the K, 7.1 pore-forming voltage-gated potas-
sium channel o subunits responsible for the slow delayed recti-
fier potassium current (Ixs) and is responsible for the most
common LQTS subtype (LQTS type 1 [LQT1]) that accounts
for 35%—40% of cases with the disorder.'

Clinical genetic testing for LQTS has been available
commercially since 2004. In order to assist physicians in the
interpretation of genetic findings, case-control studies demon-
strated that the probability of pathogenicity of rare variants
identified within the major genes can be predicted on the basis
of the topological location of the variant within known struc-
tural domains.>® For example, KCNQI missense mutations
localizing to the transmembrane region confer a relatively
high (>90%) probability of pathogenicity when originating
from a case of clinically probable LQTS.” Since the estimated
pathogenicity of mutations is highly correlated with protein to-
pology, knowledge of the mutational location within the K,7.1
potassium channel can provide significant diagnostic probabil-
ity for patients with mutations that have not been characterized
functionally. However, despite high probabilities, extreme
caution must still be exercised when diagnosing patients, espe-
cially those with a borderline or weak LQTS phenotype since a
topology-derived estimate does not guarantee pathogenicity.’

Here, we present a case of a patient diagnosed elsewhere
with LQTS but with a clinically equivocal, nondiagnostic
evaluation who had a rare KCNQ1-A300S missense variant
localizing to the pore domain. This variant was classified as
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KEY TEACHING POINTS

e Since genetic testing for long QT syndrome exerts a
substantial diagnostic, prognostic, and therapeutic
impact for the index cases and their affected family
members, it is of critical importance to identify the
exact disease-causing mutation and to properly rule
out benign variants.

e The article contains a fundamentally important
message and dispels a commonly held perception,
namely, that identification of a rare variant does
not automatically equate to a disease diagnosis.

e Even KCNQ1 mutations within areas of high
probability of pathogenicity (ie, transmembrane
spanning or pore-forming regions) or indicated by a
genetic test company as “deleterious” should be
interpreted with caution, especially if the variant-
positive individuals have insufficient clinical
evidence for a diagnosis of long QT syndrome in the
first place.

e It is important that physicians analyze the veracity
and concordance of the evidence underpinning
both the alleged genotype and the alleged
phenotype. If discordance exists, one must be
critical of any genetic test company's interpretation
and tread carefully with the use of the genotypic
data in their clinical decision making.

e Genetic testing continues to be perceived as the
ultimate diagnostic arbiter, yet the perils of testing
in a poorly phenotyped family can be significant as
illustrated in this case, with major implications for
the family in terms of medical care, potential
restrictions, insurance, and the psychological
burden such a diagnosis brings.

a “predicted deleterious mutation” by the genetic testing com-
pany, which seemingly solidified the diagnosis of LQT1 with
the primary heart rhythm specialist. However, after further
phenotypic characterization of the patient and her family
(their second opinion evaluation) as well as a functional vali-
dation assay using the patch clamp technique for this variant
in question, the diagnosis of LQTS in general and LQT1 in
particular was reversed and KCNQ1-A300S was demoted to
a benign variant despite its topological location.

Methods
Pedigree
The index case is a young woman of Indian ethnicity who
was noted to have a “borderline QT interval” on a routine
sports physical ECG at the age of 14. Repeat ECG over the

next 4 years as well as exercise and stress tests repeatedly
showed “borderline” results as interpreted elsewhere. The
family history was unremarkable; both parents had normal
ECGs. However, a maternal first-degree male cousin died
suddenly at the age of 7 while ill with a fever; an autopsy
was performed, but it was inconclusive. A clinical LQTS
genetic test was ordered, and a rare KCNQI-A300S variant
interpreted as a “predicted deleterious mutation” was identi-
fied in the patient, her 2 sisters, and their father. The study
was approved by the Mayo Clinic Institutional Review
Board, and all participants were consented appropriately.

In silico pathogenicity prediction of KCNQ1-A300S
Eight in silico tools (paralog conservation, ortholog conser-
vation, Grantham values, SIFT, PolyPhen2, KvSNP,
APPRAISE, and ConDel) were used to assess the predicted
pathogenicity of A300S as previously described.”

Molecular modeling and molecular dynamics

The initial configuration of our 3-dimensional structural model
leveraged the previous computational work of Smith et al.” An
all-atom explicit environment composed of 173,794 atoms was
generated using VMD'’ (Supplemental Figure S1). This envi-
ronment included a square phosphatidylcholine (POPC) mem-
brane patch (1.5 nm sides) with KCNQI embedded in the
center, transferable intermolecular potential with 3 points
(TIP3) water, and 150 nm KCI. In silico mutagenesis was per-
formed using the Mutator (version 1.3) VMD plugin. Molecu-
lar dynamics simulation (MDS) were carried out using
NAMD'' and the CHARMM27 with CMAP'” force field.
Wild-type (WT) and A300S simulations were independently
energy minimized for 5000 steps, followed by heating to 300
K over 300 ps at a constant pressure via a Langevin thermostat
and equilibration for 5 ns. We used a simulation time step of 1 fs
and conformations were recorded every 2 ps. At a constant vol-
ume, a further 10 ns of simulation trajectory was generated. All
trajectories were first aligned to the initial WT conformation us-
ing C* atoms. Analysis was carried out using custom scripts,
leveraging VMD and Bio3D (an R package).'” Visualizations
were performed using PyMOL'* and VMD.

KCNQ1 and KCNE1 mammalian expression vectors
and mutagenesis

WT KCNQI complementary DNA (cDNA) was subcloned
into pIRES2-EGFP (Clontech, Mountain View, CA) to pro-
duce pIRES2-KCNQI-WT-EGFP, and WT KCNEI cDNA
was subcloned into pIRES2-dsRed2 (Clontech) to produce
PIRES2-KCNE1-WT-dsRed2. The A300S variant was engi-
neered into pIRES2-KCNQI-WT-EGFP using the Quick-
Change XL Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA). DNA sequencing was used to confirm the integ-
rity of all vectors.

TSA201 cell culture and transfection
TSA201 cells were cultured in Dulbecco’s Modified
Eagle’s medium supplemented with 10% fetal bovine
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