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Abstract 
 
Background: Long QT syndrome (LQTS) is a lethal arrhythmia syndrome, frequently 
caused by rare loss-of-function variants in the potassium channel encoded by KCNH2. 
Variant classification is difficult, often owing to lack of functional data. Moreover, variant-
based risk stratification is also complicated by heterogenous clinical data and 
incomplete penetrance. Here, we sought to test whether variant-specific information, 
primarily from high-throughput functional assays, could improve both classification and 
cardiac event risk stratification in a large, harmonized cohort of KCNH2 missense 
variant heterozygotes.  
Methods: We quantified cell-surface trafficking of 18,796 variants in KCNH2 using a 
Multiplexed Assay of Variant Effect (MAVE). We recorded KCNH2 current density for 
533 variants by automated patch clamping (APC). We calibrated the strength of 
evidence of MAVE data according to ClinGen guidelines. We deeply phenotyped 1,458 
patients with KCNH2 missense variants, including QTc, cardiac event history, and 
mortality. We correlated variant functional data and Bayesian LQTS penetrance 
estimates with cohort phenotypes and assessed hazard ratios for cardiac events.   
Results: Variant MAVE trafficking scores and APC peak tail currents were highly 
correlated (Spearman Rank-order ρ = 0.69). The MAVE data were found to provide up 
to pathogenic very strong evidence for severe loss-of-function variants. In the cohort, 
both functional assays and Bayesian LQTS penetrance estimates were significantly 
predictive of cardiac events when independently modeled with patient sex and adjusted 
QT interval (QTc); however, MAVE data became non-significant when peak-tail current 
and penetrance estimates were also available. The area under the ROC for 20-year 
event outcomes based on patient-specific sex and QTc (AUC 0.80 [0.76-0.83]) was 
improved with prospectively available penetrance scores conditioned on MAVE (AUC 
0.86 [0.83-0.89]) or attainable APC peak tail current data (AUC 0.84 [0.81-0.88]). 
Conclusion: High throughput KCNH2 variant MAVE data meaningfully contribute to 
variant classification at scale while LQTS penetrance estimates and APC peak tail 
current measurements meaningfully contribute to risk stratification of cardiac events in 
patients with heterozygous KCNH2 missense variants. 
 
Keywords: LQTS, multiplexed assay of variant effect, automated patch-clamping, risk 
stratification, arrhythmias 
 
Clinical Perspective 
What is new? 

• A two-order of magnitude increase in the set of calibrated functional data for 
KCNH2-LQTS is provided by two complementary KCNH2 assays  

• Proactively available variant scores are presented for all possible missense 
variants by using a LQTS penetrance estimation framework conditioned on high-
throughput MAVE data  

• Variant functional data, in addition to patient features of corrected QT interval and 
sex, significantly improve modeling of 20-year cardiac event outcomes  

 
What are the clinical implications?  
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• Readily available MAVE scores for thousands of variants may facilitate 
classification of new variants discovered in individuals with suspected LQTS 

• Scores and penetrance estimates are readily searchable at variantbrowser.org 
for community inquiry 

• Both automated patch-clamp data and quantitative LQTS penetrance estimates, 
conditioned on MAVE data, improve prediction of 20-year cardiac event 
outcomes in a large cohort of KCNH2 heterozygotes 
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Introduction 
 

Long QT syndrome (LQTS) is a lethal arrhythmia condition, with nearly 30% of 
cases caused by rare loss-of-function variants in the cardiac potassium channel gene 
KCNH21,2. Variant classification is difficult, often owing to lack of functional data. Risk 
stratification for patients heterozygous for these variants is also complicated by 
heterogenous clinical data and incomplete penetrance. Variant-specific functional data 
can assist with variant classification and diagnosis3,4; however, data are not available at 
a scale commensurate with their discovery in affected and unaffected populations. In 
addition, whether variant-specific information associates with disease-relevant 
presentations, including adverse outcomes, is unknown. These challenges present 
barriers to effective genotype-first medicine5,6, where large sequencing efforts 
increasingly identify individuals heterozygous for previously unrecognized variants in 
clinically actionable genes, including KCNH27. By providing more granular variant-
specific data, a clinician could ideally improve diagnosis and cardiac event risk 
stratification when also considering classic patient-specific features such as corrected 
QT interval and patient sex, as in the case of LQTS.  

Most KCNH2 loss-of-function variants disrupt membrane trafficking but may also 
cause gating defects and other changes in ion permeability8. Here, we deployed two 
high-throughput functional assays to assess KCNH2 variant effect (Figure 1): a 
proactive Multiplexed Assay of Variant Effect (MAVE) to quantify channel concentration 
at the plasma membrane (18,796 variants), and detailed Automated Patch-clamping 
(APC) to record potassium current densities (from 533 variants previously identified in 
LQTS patients). We demonstrated the utility of these MAVE data in KCNH2 missense 
variant classification, evaluated against a curated set of clinically-ascertained variants 
and ClinVar9. Beyond classification, we tested the hypothesis that variant-specific data, 
including these high-throughput functional data and our previously described Bayesian 
LQTS penetrance estimates10-12, associate with patient cardiac events. Accordingly, we 
curated an international cohort of 1,458 KCNH2 missense variant heterozygotes with 
detailed cardiac event history from arrhythmia centers (ascertained) and the UK 
Biobank (unascertained). We find that time-to-event models including these variant-
specific data significantly associated with cardiac events, when controlling for 
traditionally used patient-specific features of corrected QT interval and sex. These 
proactive data are now publicly available (variantbrowser.org) to support variant 
classification and event stratification for KCNH2 variant heterozygotes.  
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Methods 
 
Full methods are described in the online Supplemental Methods and Appendix. All 
clinical data used in this analysis received IRB/REC approval. The research reported in 
this paper adhered to guidelines included in the Helsinki Declaration as revised in 2013. 
All code used to analyze these data may be found on GitHub at 
https://github.com/kroncke-lab.  
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Results 
 
Full Implementation of a Multiplexed Assay of Variant Effects to Quantitate Trafficking. 
We previously designed and piloted13,14 a high-throughput MAVE to quantitate the 
plasma membrane concentration of KCNH2 variants in HEK cells. Here, we 
characterized 18,796 variants13-15 and found excellent stratification of WT-normalized 
variant MAVE scores across synonymous (mean 100.1±24.2%), missense (mean 
71.7±46.6%), and nonsense (mean 17.9±36.0%) variant classes (Figure 2A-C; 
Supplemental Tables 1-2). Scores were heterogenous throughout the protein, even 
within 'hot-spot' domains. Nonsense variants invariably showed almost complete loss of 
function up to residue 863 (1.35 ± 7.86%) ) but minimal impact on protein trafficking distal 
to residue 863 (71.7 ± 39.1%; Supplemental Figure 1)8. 
 
To determine the appropriate application strength for benign or pathogenic variant 
functional evidence, we performed calibration of the MAVE data. First, we calibrated to 
ClinGen-recommended guidelines using Odds of Pathogenicity (OddsPath) as 
previously reported16. We used the same curated controls for MAVE OddsPath 
calibration as those for our previously published APC calibration; abnormal/normal were 
determined by z-score thresholds from the mean distribution of scores among 
Benign/Likely Benign control variants (Figure 3A and 3B)16,17. A z-score range of -2 to 2 
corresponded to trafficking scores of 58% to 153% of WT. Using these thresholds as 
normal function, we found excellent MAVE stratification of B/LB and P/LP controls, 
yielding up to strong pathogenic functional evidence (OddsPath 21.3) and up to 
moderate benign functional evidence (OddsPath benign 0.122; Figure 3A and 3B; 
Supplemental Table 3). Next, we mapped log likelihood ratios to ACMG evidence codes 
using the approach of Tavtigian et al.18 (Supplemental Figure 3 and Supplemental Table 
4). This second approach would indicate application of ‘very strong’ pathogenic 
functional evidence for variants with trafficking scores less than 35% of WT scores. 
Beyond the curated list of controls, our MAVE assay had high functional evidence 
strength across all Benign/Likely Benign and Pathogenic/Likely Pathogenic variants 
within ClinVar (AUC 0.977 [0.957, 0.998]; N=152; Figure 3C).  
 
Next, we tested the prospective value for reducing clinical uncertainty among variants in 
ClinVar using both calibrations. First, we found that 160 of 701 missense Variants of 
Uncertain Significance in ClinVar had strong pathogenic functional scores by OddsPath, 
and 130 of 701 by LLR (pathogenic strong, Figure 3E). Critically, 415 and 55 of 701 
would achieve supporting and moderate benign functional evidence, respectively. An 
increasingly complicated class of variants are those with Conflicting Interpretations in 
ClinVar, for which functional data can serve as an effective arbiter. A total of 49 of 104 
Conflicting Interpretation variants meet strong pathogenic functional evidence criteria, 
whereas 37 and 6 meet benign supporting and benign moderate criteria. Together, 
these data significantly address the current classification problem.  
 
Automated Patch-Clamping to study KCNH2 Variant Peak Tail Currents. To measure 
variant effects beyond trafficking, we used the SyncroPatch 384 PE platform17,19. We 
comprehensively interrogated potassium peak tail currents among KCNH2 variants 
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observed in our clinical cohorts supplemented with some common variants found in 
gnomAD20 (Figure 4A; Supplemental Methods). 331/533 variants had loss-of-function (z 
< -2, Figure 4B, Supplemental Table 5). We observed good concordance of variant 
effect, as determined by independently derived z-scores, between MAVE and APC 
datasets, including across “hot spot” domains (Figure 4C-D; Supplemental Figure 4). 
388 of 443 (90%) variants studied in both assays were concordantly annotated with a 
normal or abnormal threshold of an assay Z-score less than -2. Twenty three of 443 had 
normal trafficking but abnormal current density, suggesting abnormalities in gating or ion 
permeability. 
 
LQTS Penetrance Estimates. Our group has previously described a Bayesian approach 
to estimate LQTS variant penetrance, the estimated fraction of affected over total 
individuals harboring a variant10,11. This approach first leveraged low-throughput 
functional data, in silico predictions, and channel structural features12. We now condition 
the LQTS penetrance prior estimates on MAVE functional data to further improve these 
predictions and leverage all proactively available variant-specific data and clinically 
phenotyped individuals in the literature (see Supplement and references 10-12 for 
detailed descriptions). Notably, penetrance estimates are now available for all possible 
KCNH2 missense variants. We describe these estimates as ‘LQTS Penetrance’ 
throughout the text. 
 
Correlation of Functional Data with LQT2 Clinical Endophenotypes. To test the 
association of these MAVE and APC data with relevant clinical features, we curated a 
large, deeply phenotyped cohort of 1,458 patients recruited from four tertiary arrhythmia 
clinics in Japan (N=289), Italy (N=275), the USA (N=261), and New Zealand (N=66) and 
the UK Biobank (N=574) heterozygous for 418 unique KCNH2 missense or in-frame 
insertion/deletion variants (Table 1). At baseline, cohort QTc values followed expected 
trends, with higher mean values among probands, females, and individuals 
experiencing cardiac events (Supplemental Figure 5; events defined as syncope, 
ventricular tachycardia, ventricular arrhythmias, ICD shocks). MAVE scores 
(Spearman’s ρ 0.59 [0.54, 0.63]), APC measured peak tail current (Spearman’s ρ 0.61 
[0.57, 0.65]), and LQTS penetrance estimate (Spearman’s ρ 0.68 [0.65, 0.71]) each 
significantly correlated with corrected QT interval (Figure 5A-C). We found that 
individuals experiencing cardiac events had statistically significantly more deleterious 
mean MAVE trafficking, LQTS penetrance estimates, and APC peak current densities 
(Figures 5D-F).  
 
Predictive Application of Functional Data to Cardiac Event Risk Stratification. We next 
sought to test the utility of these variant-specific features in cardiac event risk 
stratification when combined with clinically available patient data of QTc and sex. In a 
multivariate Royston-Parmar time-to-event model including corrected QT interval and 
sex, the newly described MAVE scores, APC measured peak tail current, and LQTS 
penetrance estimate (Figure 6A-C) each independently associated with LQTS-related 
cardiac events. However, MAVE scores were insignificant when all three variant-specific 
features were combined as a single model (Figure 6D), as was observed by variant-
specific covariate selection using Least Absolute Shrinkage and Selection Operator 
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(Supplemental Methods and Supplemental Figures 6-7). The area under the ROC for 
time-to-event model (evaluated at 20 years) of patient-specific sex and QTc (AUC 0.80 
[0.76-0.83]) was improved with LQTS penetrance estimates (AUC 0.86 [0.83-0.89]) or 
attainable peak tail current data (AUC 0.84 [0.81-0.88]; Figure 6E); Harrel’s c-statistic, 
Log-likelihood, and Akaike information criterion were also significantly improved by 
addition of LQTS penetrance estimates or attainable peak tail current data 
(Supplemental Table 6).  
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Discussion 
 
We present a comprehensive functional analysis of 18,796 missense variants in a 
ClinGen definitive evidence LQTS-associated gene2, increasing the available set of 
calibrated functional data for KCNH2-LQTS variants by two orders of magnitude. The 
functional data and penetrance estimates are readily searchable at variantbrowser.org 
for community inquiry which will have an immediate clinical impact in assisting with 
reclassification of variants of uncertain significance. We also demonstrate that 
integrating continuous and quantitative variant-specific features with clinical data 
improves modeling of 20-year cardiac event outcomes. 
 
This work uniquely complements previous MAVE projects in cardiac disease to classify 
variants21-23, and lower throughput manual patch-clamp data to risk stratify patients24. 
For example, previous MAVE data has been used to study variants in the LQTS-
associated2 genes KCNE121 and CALM1-323. An interesting clinical application of the 
CALM1-3 MAVE was the readily available map to facilitate interpretation of VUS later 
observed in patients undergoing genetic evaluation for cardiac arrest25. In an impressive 
study, Ishikawa et al. used manual patch-clamp to functionally study and classify 55 
SCN5A-Brugada Syndrome variants, and then risk stratify affected Japanese 
heterozygotes for ventricular arryhtmias24. The current study greatly expands on the 
number of variants evaluated for classification, and then applies these data for event 
risk stratification in a larger, international LQTS cohort. Compared to previous works, 
the current study also emphasizes the value of complementary assays. For example, 
we observe that MAVE data performs near equally to APC for variant classification; 
however, based on functional data alone, APC has higher performance for event risk 
stratification. 
 
Our findings directly complement the actionability of recently described European 
Society of Cardiology guidelines for management of ventricular arrhythmias and sudden 
cardiac death26. For example, the improved classification of variants enabled by these 
high-throughput studies will facilitate the Class I, Level C recommendation of LQTS 
diagnosis in the presence of any pathogenic variant. Furthermore, this same decrease 
in clinical uncertainty through classification may improve a Class IIa, Level B 
recommendation of beta-blocker treatment for patients with a pathogenic variant and 
normal QTc. Lastly, a Class IIa, Level C recommendation for risk stratification and 
therapy initiation may be improved from ‘genotype’ information, to more granular, 
variant-specific information. 
 
Limitations. Experimental work was performed in HEK293 cells which do not fully reflect 
variant effect in native cardiomyocytes. Nevertheless, both high throughput functional 
assays were able to accurately distinguish between known pathogenic and known 
benign variants. Heterozygotes from arrhythmia cohorts suffer from ascertainment bias 
and may have experienced more events than other individuals with identical variants 
(incomplete penetrance). Ideally, the utility of these assays should be prospectively 
studied in large scale cohorts of genotype-first guided medicine. 
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Conclusion. High-throughput variant functional data improves diagnosis/variant 
classification, while APC peak tail current and LQTS penetrance estimates improve 
modeling of cardiac event outcomes for KCNH2-LQTS. 
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Figure 1. Project Overview. Integration of two high-throughput functional assays with 
clinical deep phenotyping, quantitative penetrance estimates, and prospective risk 
prediction models.  
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Figure 2. Results of a KCNH2 Multiplexed Assay of Variant Effect. 
A) Schematic of MAVE assay. We employed a barcode abundance-based MAVE of cell-
surface KCNH2 variant expression to quantify variant trafficking, the primary mechanism 
of KCNH2 variant loss-of-function.  
B) Distribution of WT-normalized variant trafficking scores among missense, 
synonymous, and nonsense variants.  
C) Heatmap depicting trafficking scores across the coding region of KCNH2. Dark 
orange indicated less than WT trafficking, white similar trafficking to WT, and blue 
increased trafficking. Missing data are depicted in gray.  
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Figure 3. Classification and Diagnostic Value of MAVE Trafficking Assay.  
A) Distribution of trafficking scores among control variants for assay calibration. 
Controls selected from those described by Thomson et al.  
B) 2x2 table of assay result vs variant classification in control group. An abnormal assay 
result was defined as z-score < -2, arising from the distribution of B/LB variant scores as 
previously described.  
C) Receiver operator characteristic curve of MAVE data applied across all readily 
available ClinVar B/LB and P/LP annotations.  
D-E) Violin plots showing trafficking scores of VUS and Conflicting Interpretation 
variants in ClinVar. Dotted lines reflect OddsPath thresholds (D), and Log-likelihood 
ratios (E). 
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Figure 4. Results of a KCNH2 Automated Patch Clamp assay.  
A) Example APC peak tail currents recorded at -50 mV showing different levels of 
function. Y-axis is 500 pA and X-axis is 500ms. 
B) KCNH2 peak-tail current densities for 533 variants (n=38,772 recordings) across 6 
domains of the protein observed in our clinical cohort, gnomAD20, and previous 
literature reports27. Benign variant controls from gnomAD are shown as white circles. 
Blue range depicts variants with ‘normal function’, as defined by a ±2 z-score window 
from the mean current density for B/LB variants17. 
C) Matrix of z-score determined normal and abnormal variants studied by both 
functional assays. 
D) Visual correlation of functional assays by residue position.  
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Figure 5. Descriptive Correlations of Functional Data with Missense Heterozygote 
Cohort Clinical Features.   
A-C) Correlations between participant QTc and functional scores for all available cohort 
members with each descriptor (Spearman rho).  
D-F) Stratification of each descriptor by cohort members experiencing cardiac event 
(Mann-Whitney U-test).  
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Figure 6. Clinical Risk Models and Applications of Variant-specific and Patient-
Specific features.   
A-C) Royston-Parmar Hazard Ratios (RP HR) for first 20-year cardiac event with 
baseline patient-specific features of sex and adjusted QTc, and variant-specific data of 
MAVE, LQTS penetrance, and APC.   
D) Royston-Parmar Hazard Ratios (RP HR) for first 20-year cardiac event cardiac event 
with all patient-specific and variant-specific data.  
E) ROCs/AUCs for three different models for all cardiac events through 20 years of age.  
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  QTc (ms) MAVE APC N 
Event      
 No 458 (64.5) 54.3 (45.9) 58.6 (37.4) 1204 
 Yes 516.8 (62.2) 26.7 (39.8) 27.5 (31.5) 254 
Sex      
 Female 478 (54.7) 45.9 (45.8) 49.2 (37.9) 746 
 Male 462.2 (80.1) 51.5 (46.4) 55.2 (38.6) 712 
Country      
 Italy 476.6 (43.7) 42.4 (44.3) 51.5 (41.7) 268 

 Japan 
492.8 
(106.7) 

34.8 (44.9) 38.6 (38.4) 289 

 NZ 508.7 (67.2) 33.2 (44.4) 37.8 (38.2) 66 
 UKBB 425.5 (24.6) 86.5 (33.8) 79.8 (22.6) 574 
 USA 489.5 (45.9) 24.5 (32.5) 34.5 (30.6) 261 
 
Table 1. Demographics and clinical features of cohort for individuals heterozygous for 
variants with available MAVE and APC data. Standard deviations presented in 
parentheses. N indicates total amount of heterozygotes across cohort for each category.   
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