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lon Channel Mechanisms and Disease Risk

M. Lorena Harvey®, PhD; Ellen Osborn®, MS; Megan C. Lancaster®, MD, PhD; Jeremy E. Smith®, MS; Qianyi Shen, MMolBiol;
Temidayo A. Abe(@, MD; Ruoyi Cai®, PhD; Ayesha Muhammad®, MD, PhD; Rose Kannankeril, BS; Tao Yang®, MD, PhD;

Maria E. Calandranis®®, BS; Daniel J. Blackwell®, PhD; Richard E. Dolder®@Ill, BS; Jessa L. Aldridge®, PhD;

Matthew R. Fleming®, MD, PhD; Marcia A. Blair®®, MS; Eduardo Soria, BS; Jack W. O'Sullivan‘®, MBBS, DPhil;

Giovanni Davogustto, MD, MSCI; Brett M. Kroncke®, PhD; Calum A. MacRae®, MD, PhD; Bjorn C. Knollmann®2, MD, PhD;
Frederick P. Roth@, PhD; Victoria N. Parikh®), MD; Euan A. Ashley, MRCP, DPhil; Jamie I. Vandenberg®, MBBS, PhD;
Chai-Ann Ng, PhD; Dan M. Roden, MD*; Andrew M. Glazer®, PhD*

BACKGROUND: Variants in the ion channel gene KCNQT are the leading cause of congenital long QT syndrome (LQTS), a disorder
characterized by QT prolongation and risk of fatal arrhythmias. The expanding use of genetic testing has led to the identification of
numerous variants of uncertain significance, complicating clinical interpretation and risk stratification. Functional characterization
of KCNQ1 variants is essential to define their role in long QT syndrome and advance precision medicip&in cardiovascular care.

America

METHODS: We generated a nearly comprehensive variant library of 13403 protein-coding variants ﬁ%(@Né 1. Using 4 pooled
assays followed by high-throughput sequencing, we characterized the variants’ effects on cell surface abundance and channel
function in both the variant-only,and heterozygous states. Case—control analyses and data from large-scale biobanks were
used to assess the clinical impact of loss-of-function variants on QT prolongation and long QT syndrome. Heterozygous
assay results were used to determine dominant-negative effects, which were also evaluated for association with arrhythmia
risk. Protein structural clustering of distinct classes of deleterious variants was analyzed.

RESULTS: Across the 4 assays, we generated 49305 functional measurements of KCNQ1 variants. Of the 13403 KCNQ1
studied variants, 1757 demonstrated strong pathogenic evidence, and 6660 showed moderate benign evidence. Loss-of-
function variants were significantly associated.with QT prolongation-and long QT syndrome in case—control and biobank
analyses. Deleterious variants clustered within distinct structural domains based on their functional classification. A majority of
pathogenic variants exhibited dominant-negative effects; these variants were linked to a higher risk of arrhythmia diagnoses
than were haploinsufficient variants.

CONCLUSIONS: This comprehensive KCNQT functional atlas provides novel functional evidence for most KCNQ1 variants of
uncertain significance. It also reveals mechanistic principles linking genetic variation to ion channel biology and arrhythmia
susceptibility, advancing cardiovascular precision medicine.
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with >100 linked to ion channelopathy disorders.’ ing, defective membrane trafficking, or altered channel

The human genome has =400 ion channel genes,  diverse mechanisms, including disrupted protein fold-
Variants can impair channel function through  gating.? In addition, multimeric channels can exert either
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Clinical Perspective

What Is New?

* A near-comprehensive functional atlas of 13403
KCNQ1 coding variants was generated using 4
high-throughput assays measuring surface abun-
dance and channel function in variant-only and het-
erozygous states.

» These assays identified trafficking-defective, gating-
defective, gain-of-function, haploinsufficient, and
dominant-negative variants, providing new mecha-
nistic resolution for KCNQ1 variant interpretation.

* Experimentally measured loss of function was
strongly associated with QT prolongation and long
QT syndrome risk across case—control and biobank
analyses.

What Are the Clinical Implications?

* High-throughput data sets provided calibrated
functional evidence for thousands of KCNQT vari-
ants, including many variants currently classified as
variants of uncertain significance.

* Dominant-negative KCNQ1 variants were asso-
ciated with higher arrhythmia risk than haplo-
insufficient variants, suggesting that molecular
mechanism may inform clinical risk stratification.

* KCNQT functional maps may help translate genetic
testing results into more precise diagnosis, coun-
seling, and management for patients with sus-
pected long QT syndrome.

Nonstandard Abbreviations and Acronyms

B/LB benign or likely benign
DN dominant-negative

JLNS Jervell and Lange-Nielsen syndrome
LoF loss of function

GoF gain of function

LQTs long QT syndrome

MAVE multiplexed assay of variant effect
P/LP pathogenic or likely pathogenic

RR risk ratio

VvuUs variants of uncertain significance
WT wild-type

haploinsufficient or dominant-negative (DN) effects in
heterozygous individuals, further complicating variant
interpretation® These mechanisms are difficult to mea-
sure at scale and are poorly predicted by existing com-
putational approaches.

KCNQ1 is a canonical channelopathy gene that
encodes K 7.1, the pore-forming subunit of a voltage-
gated potassium channel. K 7.1 assembles as a homo-
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tetramer and functions in a macromolecular complex with
calmodulin and the KCNE1 B-subunit.*=” This complex
generates the slow delayed rectifier current (/KS), which
plays a central role in cardiac electrophysiology. KCNQ1
loss-of-function (LoF) variants are the most common
cause of congenital long QT syndrome (LQTS), charac-
terized by QT prolongation on the ECG and an increased
risk of life-threatening ventricular arrhythmias.®® Because
arrhythmic death from LQTS is preventable, KCNQT is
designated as an actionable gene by the American Col-
lege of Medical Genetics and Genomics.'®'

Accurate clinical classification of KCNQT variants is
key for precision cardiovascular medicine. However, 70%
of KCNQ1 missense variants in ClinVar are classified as
variants of uncertain significance (VUS) or have conflict-
ing interpretations.’ Functional assessment of ion chan-
nels relies on low-throughput manual patch-clamp or
medium-throughput automated patch-clamp measure-
ments.”®*'® As clinical sequencing has expanded, this
limited functional capacity has contributed to the grow-
ing burden of VUS.

Here, we applied 4 high-throughput multiplexed assays
of variant effect (MAVEs) to comprehensively measure

meric

the functional impact of KCN@’ 168ding variants. We
studied 13403 variants (94% of possible variants) using
fluorescence-activated cell sorting and cell-fitness assays
in both variant-only and heterozygous contexts. More
than~2500 variants showed altered  function, including
trafficking-defective, gating-defective, and DN variants.
Functional scores strongly predicted clinical classifica-
tions-and LQTS risk in biobank and case—control analyses.
These data provide new insights into ion channel biology,
enable- prospective-identification of. deleterious variants,
and demonstrate the value of high-throughput functional
genomics for precision'medicine and biologic function.

METHODS
Overview of the MAVE Experimental Approach

A myc epitope tag was inserted into the extracellular region of
KCNQ1 to facilitate the measurement of protein surface abun-
dance. Saturation mutagenesis was performed to generate
a comprehensive plasmid library of 13706 single amino acid
KCNQ1 variants (obtaining 97% of 14 196 possible nonsense,
synonymous, and missense variants). Random 18-bp barcodes
were cloned into the plasmid library, resulting in many barcodes
corresponding to each variant. Deep sequencing of the plasmid
pool established correlations between the barcodes and their
respective variants. HEK293 landing pad cells were transfected
with the KCNQT1-myc variant library, which integrated into the
landing pad (1 plasmid/cell). Surface abundance was evaluated
by staining live cells with a fluorophore-conjugated anti-myc anti-
body, followed by fluorescence-activated cell sorting into 4 bins
based on fluorescence intensity and deep sequencing for quanti-
fication. Channel function was assessed by treating the cells with
triple-drug media over a 28-day period, with cell pellets collected
every 7 days for deep sequencing and barcode quantification.
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In heterozygous studies, HEK293 landing pad cells expressing
an HA (hemagglutinin)—tagged copy of wild-type (WT) KCNQ1
were transfected with the KCNQT variant library, and cells
were assessed for channel function or WT KCNQ1 (potassium
voltage-gated channel subfamily KQT member 1)-HA surface
abundance as described previously. After quality control, at least
one MAVE score was obtained for 13 403 variants. Detailed
Methods are available in the Supplemental Material.

Statistical Analyses

All statistical analyses were performed in R or Python using
built-in functions unless otherwise indicated. Comparisons of
MAVE abundance scores among charge-substitution classes
in the N-terminus and HA-HB linker were assessed using
Kruskal-Wallis tests. Correlations between MAVE scores, rep-
licate measurements, individual validation assays, and compu-
tational predictions were assessed using Spearman correlation.
Receiver operating characteristic curves were used to evalu-
ate the ability of MAVE scores to distinguish pathogenic or
likely pathogenic (P/LP) from benign or likely benign (B/
LB) variants. Functional evidence was calibrated using binary
OddsPath calculations and a continuous kernel density log-
likelihood ratio framework. Case—control enrichments were
summarized as risk ratios (RRs) with 95% Cls calculated on
the log-transformed risk-ratio scale. Biobank associations with
QTc or LATS diagnoses were assessed using regression mod-
els as described in the cohort-specific methods.

Institutional Approval of Human Studies

All 3 biobank projects were conducted using de-identified par-
ticipant data sets. The BioVU study protocol was approved by
the Vanderbilt University Medical Center institutional review
board (approval »261056). The UK Biobank research was
conducted under approved application numbers 24983 and
22282. The All of Us protocol was approved by the institutional
review board of the All of Us-Research Program.

Data, Code, and Materials Availability

All unigue and stable reagents generated in this study are avail-
able from the corresponding author with a completed materi-
als transfer agreement. The MAVE data sets are available in
the Supplemental Material and will be deposited in MaveDB
and ClinVar upon publication. The analysis code is available at
https://github.com/GlazerLab/KCNQ1_MAVE. Any additional
information required to reanalyze the data reported in this arti-
cle is available from the corresponding author upon request.

RESULTS

Overview of KCNQ1 MAVE Assays

We assessed KCNQT in 4 MAVE assays in human em-
bryonic kidney (HEK293) cells. We generated a com-
prehensive barcoded plasmid library comprising 13706
KCNQT1 variants represented by 266868 unique bar-
codes (19.5 barcodes/variant). Across the 4 assays (Ta-
bles S1 and S2), we obtained measurements for 13403
variants, covering 94% of possible KCNQ1 coding vari-
ants (12223 missense, 544 synonymous, and 636 non-
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sense). Scores were scaled so 1 represents WT and O
complete LoF (File S1).

MAVE of KCNQ1 Surface Abundance

Many membrane protein variants disrupt folding or traf-
ficking, causing reduced cell-surface abundance.’® To
quantify KCNQ1 surface abundance, we introduced the
variant library into landing pad HEK293 cells,'” ensur-
ing single-variant expression at uniform levels. Live cells
were labeled with an antibody targeting an extracellular
myc tag,'® sorted by fluorescence intensity, and barcodes
were deep sequenced (Figure S1). Surface abundance
scores were obtained for 93% of all possible KCNQ1
coding variants (Figure 1A) and were highly reproducible
across replicates (Spearman p=0.89-0.92; Table S2).
We defined early nonsense (residues 1-610) and late
nonsense (611-676) variants and identified 2321 loss-
of-abundance, 1333 partial loss-of-abundance, and 305
gain-of-abundance missense variants (Figure 1D).
MAVE abundance scores correlated strongly (p=0.87)
with single-variant surface abundance measurements for
134 published variants?'* and?24 additional variants
assessed here by flow cytomet%@?i@"ﬁﬁéj E, Figure S3H,
and Table S3). A small fraction of synonymous variants
(21 of B41 [3.9%)]) had abundance scores <0.5; follow-
up single-variant testing of 7 such variants showed near-
normal surface abundance, indicating experimental noise
(Figure S2 and Table S3). A total of 93% of ClinVar-
designated B/LB variants (26 of 28) had normal surface
abundance, whereas only 27% of P/LP. variants (59 of
217) had normal abundance (Figure 1F).
Structure=function-. analysis revealed pronounced
mutationalsensitivity across key regions (zoomed-in
heatmaps presented-in Figure-S8). ‘Although KCNQ1
lacks a canonical signal peptide, its first transmembrane
segment functions as a signal anchor?' and additional
N-terminal motifs showed strong sensitivity, including an
LEL,,_,, trafficking motif?* and previously unrecognized
endoplasmic reticulum retention signals (RKRQ_M and
RR,, . Figure S3D). The N-terminal 40 residues and
a region between helices HA and HB exhibited strong
charge dependence, with negatively charged substi-
tutions increasing surface abundance and positively
charged substitutions decreasing it (Figures S3D and
S4). Transmembrane helices S1 through S6 were broadly
intolerant to charged and polar substitutions, and the
pore-lining P helix and P loop were especially sensitive
(Figure S3C and S3D). Cytosolic HA and HB helices had
mutational sensitivity in calmodulin-binding IQ and 1-5-
10 motifs (Figure S3E).% Coiled-coil helices HC and HD
displayed periodic mutational sensitivity consistent with
a heptad repeat architecture, and disruption of residues
mediating HD intersubunit salt bridges caused loss of
abundance (Figure S3E and Sb).'824% Nearly every vari-

ant in a C-terminal PY motif (LPxYxxx659_665) caused gain
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ﬁ Figure 1. Multiplexed assays of variant effect of K,7.1 surface abundance and function.
-: A and B, Heatmaps of multiplexed assay of variant effect (MAVE) scores for surface abundance (A) and function (B) across KCNQ1 coding
S variants. Secondary structure and motifs are annotated. White, wild-type-like; red, loss; blue, gain; black dashes, wild-type residues. €, Schematic
o

of the MAVE workflow. D, Distribution of surface abundance scores by variant class. E, Correlation of MAVE surface abundance scores with
individual measurements for 158 missense variants (24 from this study, 134 from the literature). One outlier value (x=5.01, y=1.29) was removed
from the plot. F, Surface abundance scores stratified by clinical classification (benign/likely benign [B/LB], pathogenic/likely pathogenic [P/

LP], or variant of uncertain significance [VUS]/conflicting). G, Function scores versus abundance scores, highlighting activity-sensitive variants
(impaired function, normal surface abundance) among all variants (gray), P/LP variants (red), and B/LB variants (purple), with 2 known
activity-sensitive variants (A34 1V, R366W) labeled. H, Distribution of function scores by variant class. I, Correlation of MAVE function scores

with individual patch clamp measurements for 226 missense variants (including 19 from this study). J, Function scores stratified by clinical
classification. ER indicates endoplasmic reticulum.

of abundance (Figure S3A and S3B). This degron motif ~ nel activity (such as A341V and R366W).2°%%?¢ To cap-
is a binding site for E3 ubiquitin ligases, such as Nedd4-  ture these effects, we developed a function assay that
2, which ubiquitinate K, 7.1, causing degradation.”® measures a growth disadvantage of KCNQ1-expressing
cells (Figure S1F). Over 28 days, WT KCNQ1 caused a
. modest fitness defect (61% fitness compared with non-
MAVE of KCNQ1 Function expressing cells). This effect was enhanced (to 17% fit-
The surface abundance assay cannot identify variants ness) by treatment with 2 channel activators (ML277 and
that have normal surface abundance but impaired chan- ~ R-L3) and ouabain, which inhibits the Nat/K*ATPase
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responsible for maintaining transmembrane sodium and
potassium gradients. We applied this “triple-drug” function
assay to the KCNQ1 variant library (Figure 1B). Across 5
timepoints, LoF nonsense variants increased in frequency
compared with synonymous variants, whereas PY motif
gain-of-function (GoF) variants were rapidly depleted
(Figure S6). Function scores, derived from changes in
frequency between initial and final pools, were obtained
for 85% of possible variants and were reproducible
across 6 replicates (p=0.46-0.54; Table S2). LoF vari-
ants clustered in transmembrane and cytoplasmic heli-
ces, whereas GoF variants localized predominantly to the
PY ubiquitination motif. Early nonsense variants (1-610)
were largely LoF, whereas late nonsense variants (>611)
showed mixed effects, with many exhibiting GoF scores
due to loss of the PY motif (Figure 1H). Unexpect-
edly, nonsense variants between residues 239 and 307
showed elevated function scores. Follow-up experiments
indicated that this effect arises from cryptic stop-codon
readthrough in specific contexts and is not physiologically
relevant (Figure S6). We did not observe a global eleva-
tion of missense function scores in this region: 85% of
P/LP missense variants spanning residues 239 through
307 had reduced function scores, similar to the 82% ob-
served for P/LP missense variants gene-wide, supporting
their inclusion in downstream analyses (Figure S6I).

Overall, the assay identified 1362 LoF, 1259 partial
LoF, and 339 GoF missense variants (Figure 1H). MAVE
function scores correlated well (p=0.64) with patch-clamp
measurements from 47 published studies and- 19 addi-
tional variants assessed here by automated patch-clamp
measurements (Figure 11 and Figures S7 and S8; n=226
total variants). The-correlation-was-slightly higher-when
restricted to automated patch-clamp data sets (p=0.68;
n=174), and was strongest forvariants with paired MAVE
and automated patch-clamp data generated in this study
(p=0.80; n=19). Surface abundance and function scores
were moderately correlated (p=0.57); however, 339 vari-
ants showed near-normal surface expression but partial
or complete LoF (Figure 1G). These activity-sensitive vari-
ants, which likely affect channel gating, included 22 known
P/LP variants, including A341V and R366W. Function
scores aligned more closely with clinical classifications
than abundance scores: all B/LB variants (28 of 28) had
normal function, whereas 82% of P/LP variants (168 of
204) showed abnormal function (Figure 1J).

Heterozygous KCNQ1 MAVEs Reveal DN
Effects

Most MAVEs are conducted in a variant-only context, but
variants can exhibit DN effects with considerable clinical
impact, especially in multimeric proteins, such as K, 7.1. To
address this, we aimed to perform heterozygous KCNQ1
MAVE experiments. We engineered HEK293 landing
pad cells stably expressing HA-tagged WT KCNQ1 and

Circulation. 2026;154:00—00. DOI: 10.1161/CIRCULATIONAHA.126.080900
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coexpressed myc-tagged variants using the landing pad.
We validated the system with known DN and haploinsuf-
ficient variants (Figure S10).?

We then performed surface abundance and function
MAVE assays in this heterozygous context (Figure 2A-2C
and Figure S11). The heterozygous abundance assay spe-
cifically measured WT-HA surface expression, whereas
the heterozygous function assay measured the com-
bined activity of the WT and variant alleles. Heterozygous
abundance and function scores correlated with previous
single-variant measurements (p=0.87 and p=0.47, respec-
tively).21929%0 |ntegrating all 4 MAVE scores (variant-only/
heterozygousxabundance/function), we identified 290
“severe DN" missense variants (LoF in all 4 assays) and 548
“strong DN" variants (LoF in 3 of 4 assays). Nearly all B/LB
variants had normal heterozygous scores, whereas 69 P/LP
variants and 38 ClinVar VUS or conflicting variants exhibited
DN behavior (Figure 2C, Figure S3L, and Table Sb). Of the
319 activity-sensitive variants with measured heterozygous
function scores, 114 (36%) also had reduced heterozygous
function, suggesting that activity-sensitive variants include a
mixture of DN and haploinsufficient mechanisms.

Distinct Structural Clusteriig 6E:LoF, Channel
Activity, and DN Variants

Mapping of MAVE results onto the K 7.1 structure re-
vealed distinct spatial clustering of functional variant
classes = (Figure 2D). Transmembrane and cytosolic
helices were highly enriched for LoF variants. Activity-
sensitive variants with near-normal surface abundance
but impaired function localized to regions essential for
channel activation: the voltage-sensing S4 helix, the S4—
S5 linker (which binds essential activator PIP,7), and the
pore domain (Sb, pore helix, and S6). Within the pore do-
main, 118 of 129 variants (91%) within 5 A of the pore
axis showed partial or complete LoF (Figure S9).

In contrast, a striking hotspot of DN variants was pres-
ent in the voltage-sensing domain encompassing the SO,
S2, and S2-S3 helices (Figure 2D and Table S5). In this
region, 11 residues each harbored >10 DN variants, all
of which mediate interhelix contacts within the voltage-
sensing domain (Figure S3K and Table Sb).? The pore
selectivity filter GYGD,,, ,,, also showed marked DN
enrichment (mean 11 DN variants/residue), including 10
known P/LPvariants (Figure S3Kand Table S5). Dominant-
negative variants in both hotspot regions strongly reduced
heterozygous surface abundance and heterozygous func-
tion scores (Figure S11). Together, these patterns define
discrete structural determinants of surface abundance,
channel activity, and DN behavior in KCNQ1.

Combining Assays and Calibration with Benign
and Pathogenic Variants

To integrate variant mechanisms across the 4 as-
says (variant-only and heterozygous abundance and
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Figure 2. Heterozygous multiplexed assays of variant effect identify dominant-negative KCNQ1 variants.
A, Heatmap of dominant-negative (DN) effects across KCNQ1, integrating heterozygous abundance and function
effect (MAVESs). Variants classified as strong DN (orange) or severe DN (red) are shown across annotated secondary

plexech assays of variant
striictiifé and functional

motifs; the histogram below indicates the density of DN variants along the sequence. B, Schematic of the heterozygous MAVE workflow. C,
Heterozygous abundance (top) and function (bottom) scores stratified by clinical classification (benign/likely benign [B/LB], pathogenic/

likely pathogenic [P/LP];, or variant of uncertain significance [VUS]/conflicting), highlighting that many known P/LP variants have DN effects.

D, Structural mapping of KCNQ1 variants with different classes of MAVE scores. Function-disrupting variants localize totransmembrane and
cytosolic helices. Activity-sensitive variants cluster near S4, the S4-S85 linker, and the PIP,-binding site. Dominant-negative variants are clustered
in the voltage-sensing domain and the selectivity filter (Figure S3). Cryo-EM structures are from Protein Data Bank 6UZZ, except for the PIP,-
containing activity-sensitive structure, which is from PDB 6V01 and does not contain part of the HC helix. ER indicates endoplasmic reticulum;

and WT, wild-type.

function), we performed-principal component-analysis
using 10316 variants with complete data (Figure 3A—
3C).%" Principal component analysis separated variants
by functional class (early nonsense, synonymous, se-
vere DN, PY motif, and late nonsense) and by clinical
classification (benign versus pathogenic; Figure 3A and
3B). Unsupervised k-means clustering (k=6) produced
groups highly concordant with these classes, labeled
DN, haploinsufficient, partial LoF, Normal 1, Normal 2,
and GoF (Figure 3C and Figure S12). Gap statistic
analysis showed a broad plateau from k=6 to 10, with a
maximum at k=9. We selected k=6 because it captured
the principal structure of the data while preserving in-
terpretable cluster identities and avoiding overpartition-
ing. Of 26 B/LB variants, 24 clustered within the nor-
mal groups. Among 191 P/LP variants, 109 mapped
to the DN cluster, and 26 and 14 were assigned to the
haploinsufficient and partial LoF clusters, respectively
(Figure 3A-3C and Table S6).

We next evaluated each assay’s ability to distinguish
P/LP from B/LB variants using receiver operating char-
acteristic analysis (Figure 3D). The variant-only function
assay performed best (area under the curve=0.94), fol-

6 xxx xxx, 2026

lowed by variant-only abundance (0.89), heterozygous
function (0.80), and-heterozygous abundance (0.80)
assays. To test whether multiassay integration improved
clinical discrimination in a method-robust manner, we
evaluated 3 representative supervised classifiers rec-
ommended in a recent article which examined how to
combine MAVE data sets together®' All 3 multiassay
models (Gaussian-naive Bayes, logistic regression, and
random forest) showed similar performance (0.92-0.96),
with Gaussian-naive Bayes performing best (0.96; Fig-
ure S13). However, the performance of these combined
assays was similar to the best-performing single assay
(variant-only function), so we recommend the variant-
only function assay for clinical use.

To calibrate the scores for clinical application, we used
B/LB and P/LP variants to compute OddsPath values
(recommended by the ClinGen Sequence Variant Inter-
pretation Working Group) from binary MAVE cutoffs
(Figure 3E).3? Function scores showed the strongest con-
cordance, with OddsPath values of 23.1 for pathogenic-
ity and 0.177 for benignity, corresponding to PS3_strong
and BS3_moderate evidence (Figure 3E and Table S4).
Results were robust across alternative benign/patho-

Circulation. 2026;154:00—-00. DOI: 10.1161/CIRCULATIONAHA.126.080900


https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.126.080900
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.126.080900
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.126.080900
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.126.080900
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.126.080900
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.126.080900

Harvey et al KCNQ1 Variant Maps Reveal lon Channel Mechanisms

A All variants by Mutation Type B All variants by Classification c k-means Clustering n=6 =
4 — = =
T T ko) =
@ 1] —
g sl £ 31 £ 34 =
m & S =
o . Q24 g 24 =
5 24 "y 3 ﬁ 5 5
@ ‘oY o w a
U 1 ol s b 14 g 11 =
5 & ] =
. = = o (=]
g 0+ e g =
8 ES 8
= - Missense ~ 7 = 11
o *Synon O o °DN
= -2 ® Early nons. = o4 ~ .24 *Haplo.
. ® Late nons. ~ Unclassified o~ ® Partial LOF
(@] @} O #Normal 1
& * PY motif &5 ’ ®P/LP [ ®Normal 2
-3 o Severe DN 34 «B/LE 34 *GOF
_4' 2' 0' 2' 4 é T T T T T T T T T T T

- 4 2 0 2 4 6 4 - 0 2 4 6
PC1 (69.5% variance explained) PC1 (69.5% variance explained) PC1 (69.5% variance explained)

o
m
T

9202 ‘Tz $200100 uo Bio-geipredely@einauab Aq Blo'sfeulnofeye)/:dny woly papeojumod

ROC Analysis Assay Score Continuous LLR Calibration
10 == Normal function  Loss of function 209 -
a =
1.59 strong 3
[
0.81 - 109 erat 2
% ‘_‘_,_IJ_H g’ True Negative False Positive x 954 ::Io e;ti: z
= -5 e o = pporting
v 06+ o @ 0.0
= = 2
% E -0.54 supporting %
[o] 4 — _ ] =
a o R e
S 53 >
E 024 —Function (AUC=0.94) o S| False Negative True Positive = 1.0
- Abundance (AUC=0.89) = 36 168 &
=Het Abundance (AUC=0.80) g g 0.5
Het Function (AUC=0.80)
0.0 : : : . 0.0
0.0 02 04 0.6 08 1.0 Function score OddsPath: 0.0 05 10 15
False Positive Rate BS3_moderate PS3_strong ’ " ) ’
0177 331 Function Scores

Figure 3. Combinations of assays and calibration with pathogenic and benign variants.

A through C, Principal components analysis of variants using all 4 scores (variant-only and heterozygous function and abundance assays). A,
Variants color-coded by category. B, Variants color-coded by clinical classification. C, Variants clustered by k-means clustering (n=6 clusters). D,
Receiver operating characteristic (ROC) curves for each assay’s ability to predict benign versus pathogenic variants, with area under the curve
(AUC) values shown for all 4 assays. E, OddsPath calculation for the multiplexed assay of variant effect (function assay), showing classification
grids with true-positive, false-positive, true-negative, and false-negative counts aligned with clinical classifications. F, Calibration of multiplexed
assay of variant effect function scores using log-likelihood ratios (LLRs), with the top panel showing the relationship betweenLLRs and function
scores and the bottom panel showing the density of pathogenic-and benign variants across the scoring range. B/LB indicates benign/likely
benign; DN, dominant-negative; GoF, gain-of function; LoF, loss of function; and P/LP, pathogenic/likely pathogenic.

genic truth sets (Figure S14). We also applied a continu-
ous log-likelihood ratio framework, generating graded
evidence strengths from PS3_strong for LoF variants to
BS3_moderate for normal-function variants (Figure 3F).
This approach assigned 1757 PS3_strong, 707 PS3_
moderate, 333 PS3_supporting, 6660 BS3_moderate,
and 1477 BS3_supporting classifications.

Applying this framework to 6 KCNQ17 VUS from
patients with LQTS, 4 variants showed abnormal func-
tion in both MAVE and automated patch clamp experi-
ments and received PS3_strong or PS3_moderate
evidence, and 2 variants with near-normal function
received BS3_moderate or no evidence (Table S7).
Because our assays do not capture splicing effects,
we evaluated potential splicing disruption in coding
regions using SpliceAl*® Among all possible synony-
mous and missense single nucleotide variants, 44 had
SpliceAl scores >0.5, and 75 had suggestive scores
from 0.2 to 0.5 (File S1 and Table S8). SpliceAl scores

Circulation. 2026;154:00—00. DOI: 10.1161/CIRCULATIONAHA.126.080900

were not incorporated into the MAVE analyses or cali-
brations performed in this article, but are provided to
enable consideration of potential splicing effects dur-
ing final variant classifications.

MAVE Scores Are Associated With QT Interval
and LOTS Risk

We examined associations between KCNQT1 MAVE
scores and population allele frequencies and electrocar-
diographic/arrhythmia phenotypes in 711448 partici-
pants from All of Us, BioVU, and UK Biobank.2*-%% In gno-
mAD, 35 of 36 missense variants with allele frequency
>3%x107° had normal MAVE scores, whereas rarer or ab-
sent variants showed a broad range of functional effects
(Figure 4A). The fraction of biobank participants carrying
an LQTS code increased with decreasing function score,
reaching 8.1% for LoF variants (Figure 4B). Among
165401 biobank participants with ECGs, QTc (QT
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corrected for heart rate) varied by function score. QTc
interval was significantly longer in LoF carriers (456.7
ms [95% Cl, 4560.0-463.3 ms]) compared with normal-
function carriers (430.9 ms [95% ClI, 429.7-431.9 ms]),
far exceeding the 10-ms threshold used to trigger regu-
latory concern for QT-prolonging drugs.®”

MAVE scores correlated with computational predic-
tors (Figure S15), including AlphaMissense (Spearman
p=—0.49; Figure 4C), but a subset of discordant vari-
ants had normal MAVE function scores despite patho-
genic AlphaMissense scores.®® In a previously published
cohort of 1847 LQTS cases, variants with LoF MAVE
scores showed strong enrichment relative to gnomAD
controls (RR, 263 [95% Cl, 241-286]; Figure 4D and
Table S9).294° Variants with strong pathogenic AlphaMis-
sense predictions were also enriched (Figure S16), with

KCNQ1 Variant Maps Reveal lon Channel Mechanisms

and AlphaMissense strong pathogenic) had the highest
risk (RR, 273 [95% Cl, 2564-294]), whereas concordant
benign variants had minimal risk (RR, 1.8 [95% CI, 1.1-
3.1]). Discordant variants (MAVE normal function but
AlphaMissense strong pathogenic) showed only moder-
ate risk (RR, 73.3 [95% Cl, 59.4-90.5]), suggesting that
AlphaMissense overestimates pathogenicity or identifies
variants with smaller effects.

LQT1-defining  clinical  features, such as
swimming-associated cardiac events and broad-based
or slow-upstroke T waves, have been proposed as
phenotype-enhanced evidence to help reclassify
KCNQ1 VUS4 Our KCNQT MAVE function scores
were broadly concordant with this phenotype-based
framework: variants with stronger LQT1-specific phe-
notypic evidence were enriched for reduced function

o . . . . L
g an RR of 238 (95% Cl, 216-262). Variants with concor- scores, whereas variants with limited or no KCNQ1-
2 dant pathogenic predictions (MAVE loss or partial LoF  defining phenotypic features generally had higher
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Figure 4. Multiplexed assay of variant effect scores stratify KCNQ7 variants and are associated with arrhythmia risk.

A, Multiplexed assay of variant effect function scores versus gnomAD allele frequency for missense variants; dominant-negative (DN) variants

are highlighted. B, Clinical associations of KCNQ1 variant classes across biobanks (n=711448). Left: QTc intervals (mean£95% CI). Right: long
QT syndrome (LQTS) diagnostic code proportions by functional class (loss of function [LoF], partial LoF, normal, and gain of function [GoF]).

C, Experimental function scores versus AlphaMissense pathogenicity scores. A subset of discordant variants had normal function scores and
deleterious AlphaMissense predictions. D, Risk ratios (£95% CI) for variant classes in an LQTS cohort (n=1847) versus gnomAD controls. Left
to right: multiplexed assay of variant effect—only classes, AlphaMissense-only classes, combined classes, and k-means clusters. This analysis is
restricted to missense variants. E, Variants identified in patients with Jervell and Lange-Nielsen syndrome (JLNS) mostly fall within the LoF range.
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function scores (Figure S18). This finding provides
additional evidence that reduced KCNQ1 function
measured by MAVE scores is associated with clinically
distinctive LOT1 phenotypes.

When variants were grouped by k-means cluster,
RRs followed a clear gradient: DN variants had the
highest LQTS risk (RR, 272 [95% Cl, 2560-295]), fol-
lowed by haploinsufficient (RR, 172 [95% CI, 139-
213]) and partial LoF variants (RR, 60.7 [95% ClI,
49.0-75.1]), whereas Normal 1 and Normal 2 clusters
showed lower risk (RR, 20.0 and 7.3; Figure 4D). Simi-
larly, using the severe/strong definition of DN variants,
these variants were associated with a very high risk
(Figure S16C). In an analysis restricted to individuals
of European ancestry, LoF variants remained strongly
enriched among LQTS cases (RR, 254 [95% CI,
230-282]), and the risk estimates across other vari-
ant classes were similar to those observed in the full
cohorts (Figure S17).

Jervell and Lange-Nielsen syndrome (JLNS) is an
ultrarare syndrome caused by biallelic LoF KCNQT vari-
ants and characterized by severe QT prolongation and
sensorineural hearing loss.*? Most JLNS-associated vari-
ants exhibited partial or complete LoF (34 of 41 [83%)];
Figure 4E). Six JLNS-associated variants had aggregate
SpliceAl scores of at least 0.10, suggesting that splicing
effects not captured by our MAVE assays may contrib-
ute to their disease association. Overall, MAVE rscores
robustly stratify KCNQ1 variants by risk for LQTS and
outperform current computational predictors in clinical
contexts.

DISCUSSION

We systematically characterized nearly ‘all KCNQT
missense variants using 4 assays measuring surface
abundance and channel function in variant-only and
heterozygous contexts. These data sets enabled map-
ping of variants affecting channel trafficking, gating, or
DN effects. In contrast to patch-clamp approaches, our
cell fitness—based function assay provides a readout
of channel activity that can scale to thousands of vari-
ants. Comparison of abundance and function scores
showed that most pathogenic variants impair surface
expression; however, a substantial subset of activity-
sensitive variants had near-normal abundance but im-
paired function, including 22 known pathogenic vari-
ants. By performing MAVEs in a heterozygous context,
we generated a global map of DN effects, identify-
ing 838 DN missense variants that were associated
with higher clinical risk than haploinsufficient variants.
These findings provide a mechanistic framework for
severe LQOTS phenotypes and highlight DN variants as
potential targets for intensified clinical management or
future allele-specific therapies.**** Notably, DN behav-
ior arose from disruption of a key intersubunit interface
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important for function (the pore selectivity filter) and
destabilizing variants in a domain not directly involved
in multimerization (the voltage-sensing domain). DN
effects in the voltage-sensing domain are also con-
sistent with the cooperative gating of K channels, in
which impaired voltage-sensor activation or coupling in
1 subunit can reduce opening of the assembled tet-
ramer.*® Thus, the voltage-sensor domain hotspot may
reflect both impaired channel biogenesis, as supported
by reduced heterozygous surface abundance, and al-
tered cooperative gating. Although our heterozygous
MAVE assays cannot fully distinguish specific KCNQ1
variant-WT interactions from endoplasmic reticulum
retention due to broader effects on cellular proteosta-
sis, previous Forster resonance energy transfer—based
studies support a model in which DN KCNQT1 variants
impair surface trafficking through direct interactions
between variant and WT subunits within the tetrameric
channel complex.*® Our DN MAVE framework can be
applied to other multimeric proteins in which disease
severity is driven by DN effects rather than by dosage
reduction alone.

The fitness defect of WT KGNQT over 28 days sug-

gests that KCNQ1 expressidhi;ﬁ poses a small basal
cost, likely from potassium leak. At the HEK293 rest-
ing membrane potential (==30 mV), K/7.1 is largely
closed but retains residual activation. Channel acti-
vators-increase potassium conductance at this volt-
age,*” and ouabain further sensitizes cells by inhibiting
Na*/K* ATPase, which typically maintains sodium
and potassium gradients. Assuming a 24-hour dou-
bling time, 17% relative abundance over 28 days of
triple-drug treatment could reflectan added death rate
of ~6.1% -per day or an increased doubling time of
26.4 hours. Thus, selection causes modest cumulative
effects rather than acute toxicity. We observed similar
behavior in our triple-drug Na, 1.5 assay,*® so an assay
combining a channel activator with ouabain might be
generalizable to a broad set of sodium and potassium
channels.

Our structure—function maps refine previous KCNQT
hotspot studies®¥49%° by resolving mutational sensitivity at
single-residue resolution. In addition to validating known
motifs involved in trafficking,?? calmodulin binding,?® and
ubiquitination,®® we identified previously unrecognized
patterns, including endoplasmic reticulum retention
motifs and charge-dependent effects in unstructured
regions. Disruption of cytosolic calmodulin-binding and
coiled-coil domains reduced both abundance and func-
tion, consistent with their roles in channel assembly and
multimerization. Periodic mutational sensitivity within HC
and HD coiled-coils reflected heptad repeat architec-
ture, and HD charged residues mediating interhelix salt
bridges were particularly sensitive.?5°

Most nonsense variants resulted in LoF; however,
late truncations that remove the PY motif showed GoF
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effects, consistent with impaired ubiquitination. KCNQ1
late C-terminal truncating variants with increased func-
tion scores are analogous to PY motif deletions in the
epithelial sodium channel that cause Liddle syndrome.>?
The most common KCNQ1T nonsense variant, Y662X,
falls into this category and has been reported in patients
with early-onset atrial fibrillation (reported with KCNQ1
GoF variants),®® syncope, or sudden death?®®4; however,
Y662X's clinical classification currently ranges from
VUS to benign in ClinVar. Of the 126 missense GoF vari-
ants in the GoF k-means cluster, only 6 were present
in gnomAD. The most common was E663K (allele fre-
quency=3.8x1079), and the 6 variants had a combined
allele frequency of 1.02x107° We did not identify clini-
cally relevant phenotypic associations, such as shorter
QT intervals, for GoF variants in our biobank analyses.
These analyses may be underpowered because of the
small number of GoF variant carriers. Future work will
be needed to further clarify the clinical associations of
these variants.

k-means clustering identified variant groups asso-
ciated with disease risk, with DN variants showing
a higher RR than haploinsufficient variants. These
clusters should be interpreted as a summary of func-
tional patterns rather than a definitive mechanistic
taxonomy. Although gap-statistic analysis supported
several plausible cluster numbers, we selected k=6
as a parsimonious solution; the distinction between
the Normal 1 and Normal 2 clusters was modest and
driven primarily by the relatively noisy heterozygous
functional assay score:

We evaluated assay performance and calibrated
functional scores—for-clinical-use.~The variant-only
function assay showed-the strongest discrimination
between benign and pathogenic variants, and calibra-
tion using either binary OddsPath or continuous log-
likelihood frameworks yielded clinically interpretable
functional evidence. We generated new pathogenic
or benign functional evidence for >10000 variants,
including 1757 variants with PS3_strong and 6660
variants with BS3_moderate evidence, which will
substantially reduce the burden of VUS in KCNQT.
The current study complements our previous high-
throughput study of KCNHZ2 variants,®® which com-
bined automated patch clamp measurements for
>b00 variants with a MAVE surface abundance assay.
Together, these studies provide large-scale functional
data sets for the 2 major genetic causes of long QT
syndrome. Whereas the KCNHZ study provided sub-
stantially broader direct electrophysiologic character-
ization, the current KCNQT study extends the MAVE
framework beyond surface abundance by adding
scalable channel function assays and heterozygous
assays to identify DN effects.

MAVE function scores were strongly associated
with QTc prolongation and LQTS diagnoses in a case—
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control analysis and across 3 large biobanks. Whereas
MAVE scores correlated with computational predictors,
discordant variants showed only moderate LQTS risk,
suggesting that current predictors may overestimate
pathogenicity in KCNQT. The monotonic relationship
between experimentally measured channel dysfunction
and QT prolongation at population scale provides rare
empirical support for long-standing assumptions in clini-
cal electrophysiology. Intriguingly, the 838 DN variants
measured in this study had a higher aggregate LQTS
RR than haploinsufficient variants. This observation is
consistent with a previous report of higher event rates
among patients with DN LQT1 variants compared with
haploinsufficient variants.® Future work will be needed
to confirm these observations and further determine
whether MAVE-identified DN variants confer greater
LQT1 disease risk or more severe clinical outcomes than
haploinsufficient variants in clinical cohorts.

A large majority of JLNS-associated variants showed
LoF in our MAVE assays, although a small subset had
partial or near-normal measured protein function. Dis-
cordant JLNS variants may reflect assay measurement
error, differences between HEK283 cells and native car-

diac or inner-ear contexts, or@l@éﬁi&i@‘:@eohanisms not
captured by our coding-variant assays, including RNA
splicing effects suggested by elevated SpliceAl scores in
several discordant variants. Biallelic variants classified as
LoFin-our wvariant-only function assay are the strongest

candidates to cause JLNS (File S1).

Limitations

Limitations—of this-study include-the -inability to as-
sess splicing effects, which could be addressed us-
ing -high-throughput -splicing assays or endogenous
gene-editing approaches.?®® KCNE1 was not included
because its coexpression interferes with KCNQ1 myc-
tag labeling and interferes with KCNQ1 activator drug
binding.*” Although KCNE1 coexpression generally
has only modest effects on variation in KCNQ1 sur-
face abundance and channel function,>?® some vari-
ants may specifically disrupt KCNE1-dependent gating
or KCNQ1-KCNET1 coupling. Previous studies have
identified KCNE1-dependent effects for KCNQT vari-
ants near the extracellular S1/51-S2 region and resi-
dues in S4 and S5,59°6'" suggesting that our maps may
be less accurate in these regions. Future work could
evaluate discordant P/LP variants with normal MAVE
scores by patch clamp in the presence of KCNE1 or
develop KCNET-inclusive MAVE assays to capture
mechanisms missed here.

The assays were performed in heterologous cells
rather than cardiomyocytes and therefore do not cap-
ture all aspects of native cardiac electrophysiology, such
as cardiomyocyte-specific trafficking, binding partners,
and adrenergic modulation. Nonetheless, the strong
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performance of the assays against established benign
and pathogenic control variants suggests that the
effects of most KCNQT coding variants are preserved
across cellular contexts. The minority of pathogenic vari-
ants with normal MAVE scores may reflect mechanisms
not captured by these assays. Future scalable studies
in induced pluripotent stem cell-derived cardiomyocytes
using emerging technologies®®* may help identify
these additional mechanisms and further refine variant
interpretation.

The 8.1% prevalence of LQTS diagnostic codes
among LoF carriers is lower than that observed in
family-based penetrance studies,®®®® and should be
interpreted as a minimum estimate of electronic health
record—based diagnostic enrichment rather than true
clinical penetrance, given limitations of biobank phe-
notyping, including undercoding and incomplete ascer-
tainment.

We note that the benign—pathogenic validation and
LQTS case—control enrichment analyses are not fully
independent, because some criteria used to classify vari-
ants as benign or pathogenic also influence their rep-
resentation in case—control data sets, including allele
frequency and previous observation in LOTS cases.

CONCLUSION

This comprehensive KCNQT atlas demonstrates that
high-throughput functional genomics can elucidate ion
channel biology, identify DN effects at scale, and trans-
late molecular measurements: into population-level dis-
ease risk. For clinicians evaluating patients with sus-
pected LQT1, these data provide variant-level functional
evidence that can be integrated with phenotype, segre-
gation, family history, and population-frequency data dur-
ing clinical variant interpretation. The variant-only func-
tional assay results are most immediately applicable to
variant classification and genetic counseling, whereas
using DN status to guide changes in clinical manage-
ment or predict arrhythmia risk will require further valida-
tion in deeply phenotyped LQT1 cohorts. As sequencing
uncovers additional rare variants in actionable disease
genes, similar approaches will be essential for converting
genetic data into mechanistic insight and clinical action.
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