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Abstract
Background: The slow delayed rectifier potassium current IKs is crucial for the repolarization

of the cardiac action potential. It is conducted by the voltage-gated channel KV7.1 encoded by

KCNQ1, togetherwith its 𝛽-subunitKCNE1. Loss-of-function (LOF)mutations inKCNQ1havebeen

associated with heritable cardiac arrhythmias such as Long QT syndrome (LQTS). This disease is

characterizedbyprolongedventricular repolarization andpropensity to ventricular tachyarrhyth-

mia that may lead to syncope, cardiac arrest, and sudden death. We aimed to functionally charac-

terize two KV7.1 mutations (p.A150T and p.L374H) identified in two independent LQTS patients

with different severity of disease phenotype, family history, and co-segregation of LQTS.

Methods:We performed whole-cell patch clamp recordings in CHO-K1 cells, and confocal imag-

ing inMadin-Darby Canine Kidney (MDCK) cells.

Results: IKs-A150T showed significantly decreased current amplitudes from above +20 mV

(approximately 52%decrease at+40mV), but demonstrated cellmembrane localization similar to

wild-type (WT). IKs-L374H, however, exhibited a complete LOF compared to WT channels. Con-

focal imaging showed endoplasmic reticulum retention of the channel in MDCK cells. Mimicking

the heterozygous state of the patients by co-expressing WT and mutant subunits resulted in an

approximately 22% decrease in current at +40 mV for A150T. The L374H mutation showed a

more pronounced effect (62% reduction at+40mV compared toWT channel).

Conclusion:Bothmutations, KV7.1 A150T and L374H, led to loss of channel function. The degree

of LOFmaymirror the disease phenotype observed in the patients.

K EYWORD S

cardiac electrophysiology, IKs current, risk stratification

1 INTRODUCTION

The hereditary Long QT syndrome (LQTS) is a cardiac arrhythmia

diagnosed, among other factors, by a prolongation of the heart

rate-corrected QT interval (QTC) on the surface electrocardiogram

(ECG).1,2 QTC is a measure of ventricular repolarization, and pro-

longed repolarization of the ventricles may lead to tachycardia of the

torsades de pointes type. Ultimately, it may degenerate into sudden

cardiac death.2 LQTS is a heterogeneous disease, currently associated

with mutations in 15 genes subdividing the syndrome in LQT1-15.2

Most of the identified mutations reside in genes encoding ion channel

subunits or proteins modulating ion channel function. LQT1 is the

most common form of LQTS with more than 250 different mutations

identified so far.2 The underlying molecular entity is the voltage-gated

potassium channel KV7.1 encoded by KCNQ1.3,4 KV7.1 is a pore-

forming 𝛼-subunit that assembles with the 𝛽-subunit KCNE1 to form
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the IKs channel complex.5,6 This slowly activating potassium current is

crucial for the repolarization of the cardiac action potential.4

Mutations in KCNQ1 have not only been linked to LQT1, but also

to Short QT syndrome (SQTS) and atrial fibrillation (AF) (reviewed in

refs. 7 and8)with theoverall concept that loss-of-function (LOF)muta-

tions lead to LQTS, whereas gain-of-function mutations are associated

with SQTS or AF (reviewed in ref. 9). Yet, increasing evidence sug-

gests that ventricular and atrial phenotypes may overlap (reviewed

in ref. 4). Furthermore, reduced penetrance and variable expressivity

hamper the risk stratification of patients and their family members.10

Considerable efforts have been made to establish rules for genotype-

phenotype correlations and subsequent clinical management, leading

to algorithms that aid the interpretation of mutational findings.11 It is,

however, debated towhich extent knowledge ofmutations can be used

for prophylactic treatment of patients.12

In this study, we investigated the functional effect of two KV7.1

mutations, A150T and L374H, identified in LQTS patients with vary-

ing severity of disease phenotype to address a possible correlation

between degrees of functional effects with the clinical phenotypes of

the patients.

2 METHODS

2.1 Study subjects

The probands have been referred to our clinic and diagnosed with

LQTS in accordance with the Schwartz criteria.1 The study was car-

ried out in accordance with the principles outlined in the Declaration

ofHelsinki. The Institutional ReviewBoard of theUniversity of Califor-

nia, San Francisco approved the study and the included patients gave

written informed consent.

2.2 Genetic screening

Genetic testing was performed at GeneDx (Gaithersburg, MD, USA)

(Proband 1) and Familion (New Haven, CT, USA) (Proband 2) and

included analysis of the target exons and flanking intronic regions

of known LQTS genes AKAP9, CACNA1C, CAV3, KCNE1, KCNE2,

KCNH2, KCNJ2, KCNQ1, SCN4B, SCN5A, and SNTA1. Laboratory con-

trol groups consisted of 350-1300 healthy subjects of Caucasian and

African American ancestry depending time of testing. For details, see

Supporting Information.

2.3 Molecular biology

The point mutations p.A150T (c.448G>A) and p.L374H (c.1120 T>A)

in KV7.1 were introduced using standard techniques. For details, see

Supporting Information.

2.4 Antibodies

Primary antibodies are as follows: goat polyclonal anti-KV7.1 (1:100,

C-20, Santa Cruz Biotechnology, Heidelberg, Germany), mouse anti-

c-myc-tag antibody (1:100, clone 9E10), and rabbit polyclonal anti-

calnexin (1:2.000, Stressgen, San Diego, CA, USA). See Supporting

Information for secondary antibodies.

2.5 Cell culture and transfections

For electrophysiological experiments, CHO-K1 (Chinese Hamster

Ovary) cells were used. CHO-K1 cells were transfected with 1.8 µg

DNA (WT or MUT) using SiLentFect Lipid Reagent (Bio-Rad Labo-

ratories, Hercules, CA, USA). For imaging, Madin-Darby Canine kid-

ney (MDCK) (strain II) cells were transfected with 3 µg plasmid DNA

using Lipofectamine and Plus Reagent (Invitrogen, Nærum, Denmark)

according to manufacturer’s protocol. For experimental details, see

Supporting Information.

2.6 Patch-clamp recordings and data analysis

Currents were recorded using a Multiclamp 700B amplifier (Molec-

ular Devices, Sunnyvale, CA, USA). See Supporting Information for

details. Data were sampled with PClamp software and analyzed with

Clampfit software (Molecular Devices) and GraphPad Prism 5 (Graph-

Pad Software, CA,USA). Current-voltage relationswere obtained from

the step protocol by plotting the outward current at the end of the

test pulse as a function of the test potential. Data are represented as

mean ± SEM. Unpaired t-test or two-way ANOVA followed by Bon-

ferroni test was used as appropriate to compare the wild-type (WT)

and mutated IKs channel complex. P < .05 was considered statistically

significant.

2.7 Immunofluorescence and imaging

Images were acquired using Zeiss LSM710 laser scanning confocal

microscopy system with a 63×/numerical aperture (NA) = 1.40 oil

objective and the pinhole diameter was set between 0.9 and 1.0 µm.

Line averaging and sequential scanning were applied to reduce noise

andallowseparationof the individual channels, respectively. All images

were obtained with a pixel format of 1024 × 1024 and treated

using ZEN 2010 Edition (Zeiss, Oberkochen, Germany) and Illustra-

tor CS5 (Adobe, San José, CA, USA). Quantification was performed as

described earlier.13 For details, see Supporting Information.

3 RESULTS

3.1 LQTS patients 1 and 2 are differently affected by

the disease

Proband 1 is a woman who presented at age 50 with a history

of syncope and palpitations. Medical records show that paramedics

were called as an ECG showed AF; however, normal sinus rhythm

was demonstrated on ECGs in the emergency room. The QTC was

prolonged (multiple ECG showing QTC = 483-519 ms). She had an

implantable cardioverter defibrillator (ICD) placed and is taking beta
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F IGURE 1 Pedigree of proband carrying KV7.1-L374H
(circles, females; squares, males) with phenotypic and genotypic
information where available
Note. Proband 2 is indicated by an arrow. Age at diagnosis/inclusion
andQTc, when available. d, diseased; *not genetically tested

blockers. She had a documented episode of ventricular fibrillation

where she had an appropriate shock in April 2007. On follow-up in

2012, she was found to have paroxysmal AF with an average of 2%

burden on device interrogation. The proband has no reported family

history of LQTS (Figure S1). Her paternal uncle died suddenly in his

teens in China, yet the cause of death is unknown. Her two children

and three siblings all had normal ECGs in 2007 and have not been eval-

uated since.

Proband 2 is male and was diagnosed with LQTS at 1 year of age. He

has been treatedwith 𝛽-blockers since age 2 years. He had one episode

of possible loss of consciousness in 2009.Hewas then febrile, stressed,

and dehydrated. He has had no further episodes. He has beenmanaged

with the nonselective 𝛽-blocker nadolol and exercise testing shows

adequate 𝛽-blockage. His past ECGs clearly showed LQTS with QTC
intervals as high as 560 ms. The ECG after treatment showed sinus

bradycardia with a heart rate of 43 beats per minute and correctedQT

interval of 485 ms. The proband has an extensive family history illus-

trated inFigure1. The father, age60, reportedlyhada syncopal episode

at age42.Hewasdiagnosedwith LQTSonexercise test after his niece’s

diagnosis about17years ago. Thebrother, age22, reportedlyhas abor-

derlineprolongedQTC interval. Apaternal auntdrownedat age25. She

had a history of syncope occurring with exercise or stress. Her daugh-

ter, age 31, had a near drowning event at age 14. Evaluation led to a

diagnosis of LQTS. She was treated with beta-blockers and ICD, which

has discharged twice in the past 15 years. Her daughter, age 6, was

diagnosed with LQTS via an exercise test. Another paternal aunt, age

54, was reportedly diagnosed with LQTS but the family does not know

how the diagnosiswasmade. She is asymptomatic. The paternal grand-

mother hadahistory of syncope triggeredby startle in her 20s. Shewas

diagnosed with LQTS at age 73 after others in the family were diag-

nosed. She died at age 90 from complications of Alzheimer’s disease.

3.2 Genetic screening reveals twomutations

Genetic screening revealed two nonsynonymous mutations in KCNQ1

in evolutionary conserved amino acids (Figure S2); a schematic

overview of the positions is depicted in Figure S2. The patients were

heterozygous (HET) for themutations. Proband 1 carries p.A150T that

was absent in controls, and ClinVar,14 Gnomad, and ExAc databases.15

The residue resides in transmembrane segment S2 of the channel

protein. Proband 2 carries p.L374H residing in the C-terminus. In silico

phenotype prediction tool SIFT16 and Polyphen-217 predicted A150T

to be tolerated and L374H damaging (SIFT) or probably damaging

(Polyphen-2). L374H is present in large population databases, albeit

at very low frequency (1/246 038 alleles in Gnomad). This variant has

previously been reported in two unrelated individuals tested for LQTS,

with no published segregation data.18,19 Three labs classify this variant

as a variant of uncertain significance in ClinVar. GeneDx has seen it

in four unrelated families in which a proband underwent LQTS panel

testing. Familion saw it in seven unrelated LQTS patients. Variants in

nearby residues (A372D, S373P, W379G, and W379S) have also been

reported in the Human Gene Mutation Database in association with

LQTS.20

Genetic testing of family members revealed that the proband’s

father, aunt, and cousin are obligate carriers. Two of that cousin’s

daughters are also positive andboth have LQTSbased onQTC intervals

of >500 ms. Hence, this variant co-segregates with LQTS in six mem-

bers of this patient’s family.

3.3 Mutant KV7.1-A150T channels show an

ambiguous phenotype

To investigate whether the mutations found in KV7.1 could explain

the LQTS phenotype observed in the probands, we expressed WT

or mutant (MUT) channels in a mammalian expression system and

performed whole cell patch clamp experiments. Expression of KV7.1-

A150T in the absence of the 𝛽-subunit KCNE1 did not reveal any

difference between WT and MUT channels (data not shown). To

mimic the native IKs current, we co-expressed KV7.1 WT or MUT

with KCNE1 (Figure 2). As expected,5,6 WT complexes gave rise to

slowly activating and deactivating noninactivating potassium current

when submitted to a voltage-step protocol (10-mV increments, 2-s

pulses) ranging from −100 to +40 mV. In contrast, IKs-A150T induced

a significant LOF, observed as a decrease in current amplitude from

+20 mV potential and greater compared to the WT complex (P < .05;

Figure 2A-B). At +40 mV, the current amplitude was 587.1 ± 46.6

pA/pF (n= 8) forWT and 365.7± 82.8 pA/pF (n= 7) for theMUT chan-

nel. When mimicking the HET state of the patient by co-expressing

WT and KV7.1-A150T together with KCNE1, this loss of function was

partially rescued, although still significantly different at+40mVwhen

compared toWT (HET: 454.9± 64.4 pA/pF, n= 10; P< .05). Analysis of
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Kv7.1 WT + KCNE1

Kv7.1 WT + KCNE1

Kv7.1 WT + Kv7.1 A150T + KCNE1

Kv7.1 A150T + KCNE1

Kv7.1 WT + Kv7.1 L374H + KCNE1

2 nA

0.5 s

(A) (C)

(D)(B)

Kv7.1 A150T Kv7.1 L374H

Kv7.1 L374H + KCNE1

F IGURE 2 Comparison of KV7.1-WT/KCNE1with KV7.1-A150T/KCNE1 and Kv7.1-L374H/KCNE1whole cell currents measured in CHO-K1
cells. A and C, Representative current traces when clamped at+40mV. Both KV7.1 and KV7.1-A150T produce IKs-like currents when
co-expressed with KCNE1. B andD, Currents measured at the end of each voltage step were used to construct the current-voltage (I/V)
relationship (n= 7-11 from three to four independent experiments). The current step protocol is shown as inset

activation and deactivation kinetics did not reveal any significant

changes (Figure S3).

3.4 KV7.1-L374H shows complete LOF

When applying the same set of experiments for KV7.1-L374H, we

found a complete LOF for the MUT channel. Representative current

traces and current-voltage relationship are depicted in Figure 2C-D.

Figure 2D illustrates thatmimicking theHET state of the patient by co-

expressing MUT with WT resulted in significantly decreased steady-

state current amplitude at potentials of +10 mV and above with a

62.4% reduction at+40mV indicating amild dominant-negative effect

(WT: 267.4 ± 49.0 pA/pF, n = 9, HET: 100.5 ± 37.4 pA/pF, n = 7;

P < .001). Tail current analysis showed no significant alteration of the

voltage-dependent activation; however, a tendency to amore depolar-

ized half maximal activation voltage indicated a LOF (Figure S4). Time

constants of activation and deactivation kinetics were not affected

(Figure S4).

3.5 KV7.1mutations display different subcellular

localization

We further examined whether the observed LOF phenotypes were

due to changes in the subcellular localization caused by the mutations.

We employed the well-established MDCK cell system13,21 that is

well suited to analyze trafficking and targeting behavior of the MUT

channel proteins.WT andMUT proteins were transiently expressed in

theMDCKcell line togetherwith c-myc-taggedKCNE1. Laser confocal

microscopy imaging was performed using specific antibodies against

KV7.1 and c-myc-tagged KCNE1 (Figure 3). Fluorescent-conjugated

Phalloidin (Pha) that stains the F-actin located beneath the plasma

membrane in MDCK cells was used as a cell membrane marker.

As shown in the merged pictures, KV7.1-WT is located at the cell

membrane in polarized MDCK cells in line with previous reports.13

KV7.1-A150T behaved similarly to WT both in the absence (data not

shown) and presence of KCNE1. In contrast, we observed KV7.1-

L374H primarily intracellularly where it appeared to be retained in

the endoplasmic reticulum (ER). Quantification of surface expression

showed significant reduction for KV7.1-L374H (73% reduction of

WT level, n = 22-25 cells from three independent experiments). Yet,

in experiments co-expressing KV7.1-L374H with WT, the channel

seemed to be expressed at the cell membrane comparable to WT,

which is in contrast to our observations in patch-clamp experiments.

4 DISCUSSION

In this study, we addressed a possible correlation of functional effects

of two LQTS mutations with the disease phenotype seen in the

patients. Thepatient carryingKV7.1-A150Twasdiagnosed in adult age
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F IGURE 3 Subcellular localization of KV7.1mutants. A, Confocal images of polarizedMDCK cells transiently expressing KV7.1-WT orMUT
together with c-myc-KCNE1 as indicated and labeled with antibodies against KV7.1 and c-myc. Fluorescent-conjugated Phalloidin (Pha) stains the
F-actin located beneath the plasmamembrane.Merged pictures are shown in right panels. B, Quantification of KV7.1 surfacemembrane
expression (n= 22-25 from three independent experiments) [Color figure can be viewed at wileyonlinelibrary.com]

and had no family history of LQTS,whereas the patient carryingKV7.1-

L374Hhad severely prolongedQT intervals, symptoms since the ageof

one, and an extensive family history of LQTS with several incidents of

cardiac arrest while swimming. We found this variant to co-segregate

with LQTS in six members of this patient’s family, which strongly sug-

gests that this variant is responsible for the patient’s LQTS.

Both mutations induced LOF observed as a decrease (p.A150T) or

absence (p.L374H) of IKs current in patch-clamp experiments. Further

supportive of a complete LOF is the ER retention of KV7.1-L374H

channels as shown in Figure 3. KV7.1-A150Tdisplayed only partial cur-

rent reduction and no difference in trafficking/membrane expression

compared to WT channels. The LOF is compatible with a prolonga-

tion of the cardiac action potential and severity of the LQTS pheno-

type observed in the patients. Mimicking the HET state of the patients

showed that the MUT phenotype could be partially rescued, leaving

the possibility that the mutations are not causative of the LQTS diag-

nosed in the patients. However, as the functional data indicate that

these mutations have the potential to result in severe LOF, the clinical

manifestation of theMUTsmight be affected by additional factors such

as allele-specific expressivity or differences in autonomic responses in

the patients.12,22,23

By analyzing the clinical phenotypes of 387 LQT1 patients and

correlating those to biophysical properties of the corresponding KV7.1

MUTs determined by electrophysiological experiments, Jons and

colleagues have proposed that the biophysical phenotype analysis

may be more useful for risk stratification than clinical parameters.

Specifically, they found that in patients with moderate QT prolonga-

tion (defined as QTC <500 ms), slower activation was an independent

predictor for cardiac events.24 Nielsen and colleagues have recently

reported an association between QTC interval duration and risk

of AF. The authors investigated more than 280 000 digital ECGs

and found that short (≤372 ms) and long (≥458 ms) QTC intervals

increased the hazard ratio for AF.25 Curiously, proband 1 in our study

had QTC values around 500 ms and activation kinetics tended to be

faster, which could be indicative of a gain-of-function phenotype. In

line with this, she was admitted to the hospital with symptoms and

ECG recording compatible with AF, although no AF episodes have

been recorded afterward. The mutation resides in transmembrane

segment S2. There is emerging evidence for the participation of the

transmembrane segments S1 and S2 and the S1/S2-linker in gating

processes of voltage-gated potassium channels. Here, residues in S1or

S2 facing the extracellular side of the membrane or the extracellular

S1/S2-linker come in close proximity to the voltage sensor S4 as shown

for Shaker channels,26 KVAP channels,27 or KV7.1 channels.
28 Of note,

the S1/S2-linker of the KV7.1 channel harbors a cluster of mutations

associated with either AF or SQTS (S140G, V141M, and T144A),29–32

and Q147R associated with an overlapping phenotype of AF and QTC
prolongation.33 Intriguingly, Q147R did only exhibit alterations in

presence of KCNE1 subunits33 and has recently been implicated in

the KV7.1/KCNE1 interaction interface.34 In our study, A150T also

showed only alterations in the presence of KCNE1. KV7.1-L374H

resides in helix A of the intracellular C-terminus of the channel protein

involved in calmodulin binding of KV7.1,
35 thereby affecting channel

gating, folding, andmembrane trafficking.36,37

A number of studies have proposed an association between

the position of the mutation and the severity of the LQTS clinical

phenotype.38–40 They show a higher risk of cardiac events for patients

having a mutation in the transmembrane segments or loops compared

to mutations located in the N- and C-termini. However, in our study,

L374H located in the proximal C-terminus of the Kv7.1 channel pro-

tein displayed amuchmore severe phenotype of the disease compared

to the A150T mutation located in the S2 segment. This implies that

even the establishment of rules for positional genotype-phenotype

correlations is not sufficient for risk assessment and management of

patients with LQTS. However, a combination of clinical and mutation

location data, together with the analysis of the effects of Long QT
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mutations on both channel function and trafficking, is indicated to

accurately determine the mechanisms underlying the disease, which

might improve proper patient management and counseling.

4.1 Limitations

Although we employed well-established heterologous expression sys-

tems, these do not completely mirror the conditions in human car-

diomyocytes. Patients were only screened in the known LQTS genes,

which preclude detection of genetic modifiers elsewhere in the

genome. There was no family history for proband 1; hence, we are not

able to conclude unambiguously on the co-segregation of themutation

with the disease phenotype.

5 CONCLUSIONS

In two independent LQTS patients with different severity of disease

phenotype and family history of LQTS, two mutations were identi-

fied. Both, KV7.1 A150T and L374H, led to loss of channel function

observed as a decrease or absence of current where the latter was due

to impaired trafficking. The results add to our understanding of the

molecular basis of IKs current and may contribute to development of

better drugs. Although the degree of LOFmatched the disease pheno-

typeobserved in thepatients, careful clinical follow-up iswarranted for

stratification of family members at risk.
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