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Abstract

Rationale: Genome-wide association studies have identified over 100 genetic loci for atrial 

fibrillation (AF); recent work described an association between loss-of-function (LOF) variants in 

TTN and early-onset AF.

Objective: We sought to determine the contribution of rare and common genetic variation to AF 

risk in the general population.

Methods: The UK Biobank is a population-based study of 500,000 individuals including a subset 

with genome-wide genotyping and exome sequencing. In this case-control study, we included AF 

cases and controls of genetically determined white-European ancestry; analyses were performed 

using a logistic mixed-effects model adjusting for age, sex, the first 4 principal components of 

ancestry, empirical relationships and case-control imbalance. An exome wide, gene-based burden 

analysis was performed to examine the relationship between AF and rare, high-confidence LOF 

variants in genes with ≥ 10 LOF carriers. A polygenic risk score (PRS) for AF was estimated 

using the LDpred algorithm. We then compared the contribution of AF PRS and LOF variants to 

AF risk.

Results: The study included 1,546 AF cases and 41,593 controls. In an analysis of 9,099 genes 

with sufficient LOF variant carriers, a significant association between AF and rare LOF variants 

was observed in a single gene, TTN (OR 2.71, P=2.50×10−8). The association with AF was more 

significant (OR 6.15, P=3.26×10−14) when restricting to LOF variants located in exons highly 

expressed in cardiac tissue (TTNLOF). Overall, 0.44% of individuals carried TTNLOF variants, of 

whom 14% had AF. Among individuals in the highest 0.44% of the AF PRS, only 9.3% had AF. In 

contrast, an AF PRS explained 4.7% of the variance in AF susceptibility, while TTNLOF variants 

only accounted for 0.2%.
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Conclusion: Both monogenic and polygenic factors contribute to AF risk in the general 

population. While monogenic TTNLOF variants confer a substantial AF penetrance, polygenic risk 

explains a larger proportion of genetic susceptibility to AF.

Graphical Abstract

Over the last decade, great progress has been made in defining the genetic basis of AF. Common 

variants have been identified at more than 100 genetic loci, and rare mutations have implicated 

many genes in AF. However, the relative contribution of rare and common genetic variants to AF 

risk remains unclear. The population-based UK Biobank provides a unique opportunity to assess 

the genetic contributions to AF risk. In an exome wide analysis, we found that LOF mutations in 

TTN were strongly associated with AF risk and were highly penetrant. A polygenic risk score of 

common variants explains a great proportion of AF risk than mutations in TTN. Among TTN 
mutation carriers, it would be interesting in future work to determine if a subtle cardiomyopathy is 

present by cardiac imaging or to examine the progression to heart failure or other AF co-

morbidities.
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INTRODUCTION

Atrial fibrillation (AF) is a prevalent cardiac arrhythmia and is associated with an increased 

risk of stroke, heart failure, dementia, and death1–3. AF currently affects over 3 million 

Americans and 30 million individuals worldwide4. While cardiometabolic factors play an 

important role5, a considerable heritable component is thought to contribute to the 

pathogenesis of AF6, 7. For example, one-fourth of individuals with AF have a first-degree 

relative affected by the condition8.

Accordingly, genome-wide association studies (GWAS) have successfully established a 

multitude of genetic loci with common variants predisposing to AF9–12 and subsequent 

polygenic risk scores (PRS) have identified individuals in the general population who are at 

high risk of developing the disease13–15. The SNP-heritability for AF has been estimated to 

be as high as 22%2, and previously reported common variants from GWAS3 explained 5.3% 

of AF variability2. In contrast, family-based analyses have identified many ‘monogenic’ 

variants, located mainly in ion-channels16, yet replication for many of these genes is 

lacking11, 17. We previously demonstrated in a large case-control study that rare loss-of-

function variants in the structural sarcomeric gene TTN are associated with a strongly 

increased risk of early-onset AF18. Despite this observation, the major monogenic 

contributors to AF risk in the general population remain unclear. Moreover, the relationship 

between polygenic and monogenic variation to AF susceptibility remains unexplored.

To address these knowledge gaps, we leveraged data from a national biorepository, the UK 

Biobank. We used a subset of over 40,000 individuals with genome-wide genotyping and 

whole-exome sequencing (WES)19, 20 to comprehensively assess the respective 

contributions of common and rare genetic variation to AF risk.

METHODS

Data availability.

Whole exome-sequencing and phenotype data used in this study are available through UK 

Biobank (www.ukbiobank.ac.uk). Summary level results have been made publicly available 

at the Cardiovascular Disease Initiative Knowledge Portal and can be accessed at 

www.broadcvdi.org upon publication.

Study population and phenotypes.

The UK Biobank is a large population-based prospective cohort study from the United 

Kingdom with deep phenotypic and genetic data on approximately 500,000 individuals aged 

40–6919. Phenotypes, including the primary outcome AF, were defined using reports from 

medical history interviews, ICD-9 and −10 codes, operation codes and death registry records 

(Online Table I). The UK Biobank resource was approved by the UK Biobank Research 

Ethics Committee and all participants provided written informed consent to participate. Use 

of UK Biobank data was performed under application number 17488 and was approved by 

the local Massachusetts General Hospital institutional review board.
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Genotyping, quality control, and variant annotation.

Whole exome sequencing has previously been performed on 50,000 participants from the 

UK Biobank20. The revised version of the IDT xGen Exome Research Panel v1.0 was used 

to capture exomes with over 20X coverage at 94.6% of sites20. In the present study, samples 

were restricted to those of white-European ancestry who also had high-quality genotyping 

array data available21, 22 (Online Data Supplement). Additional filters were applied to study 

samples and exome sequence variants: sample call rate (<90%), genotype call rate (<90%) 

and Hardy-Weinberg equilibrium test (P-value < 1×10−15). Of the 50,000 individuals in the 

UK Biobank with WES, 40 were removed during initial quality-control, after which we 

excluded 51 samples who did not have genotyping chip data and 170 samples that failed our 

additional quality control procedures (Online Data Supplement). Among the remaining 

49,739 participants, 43,139 white-European individuals were identified.

The protein consequences of variants were explored using the LOFTEE plug-in 

implemented in the Variant Effect Predictor23 (https://github.com/konradjk/loftee, Online 

Data Supplement). The most severe predicted consequences for canonical gene transcripts 

were ascertained for each variant and used for the primary analysis. All variants in 

significantly associated genes were re-annotated using LOFTEE to identify additional high-

confidence loss-of-function (LOF) variants in other transcripts.

Single variant association analyses.

An exome-wide single variant association analysis for AF was performed using AF cases 

and controls of white-European ancestry. Variants with minor allele frequency (MAF) ≥ 1% 

were tested for association with AF assuming an additive genetic model. To correct for the 

relatedness among participants and the imbalanced case-control ratio, we used a logistic 

mixed-effects model implemented in SAIGE (https://github.com/weizhouUMICH/

SAIGE)24. Age, sex, and the first 4 principal components of ancestry were used as fixed 

effects. The genetic relatedness matrix was estimated using independent high-quality 

variants from the genotyping array (N = 93,491, Online Data Supplement). The exome-wide 

significance threshold was set to alpha=3.1×10−7 (0.05/162,514, Bonferroni correction).

Polygenic risk score estimation.

We closely followed a previously published approach to derive and validate an AF PRS13 as 

shown in Online Figure I. In short, effect estimates for common variants from a large AF 

GWAS meta-analysis11 were adjusted to account for linkage-disequilibrium using LDpred 

(https://github.com/bvilhjal/ldpred)25. Multiple PRSs were constructed using high quality 

imputed variants (Online Data Supplement) based on 7 different values of ρ (the assumed 

fraction of variants with nonzero effects) and were applied to the UK Biobank. In this study, 

we used the LDpred-adjusted effect estimates for each value of ρ and identified the best 

performing PRS in a validation cohort of unrelated white-European individuals distinct from 

the exome sequencing cohort (N = 322,161, Online Data Supplement). The performance of 

PRS was assessed by the area under the receiver operating characteristic curve (AUC). AUC 

and confidence intervals were calculated using R-package ‘pROC’ version 1.12.126. The 

best performing PRS was subsequently applied to the imputed genotypes from the exome-

sequencing cohort. Effect-estimates and respective confidence intervals by profile likelihood 
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were calculated using Firth’s bias-reduced logistic regression, implemented in R-package 

‘logistf’ version 1.23 (https://rdrr.io/cran/EHR/man/Logistf.html)27, 28.

Rare variant burden analyses.

Rare variants (MAF ≤ 1%) that were predicted to be LOF were associated with AF in the 

exome sequencing cohort using a gene-based burden analysis. LOF variants were collapsed 

into a single variable (carrier vs. non-carrier) by sample, for each gene. Genes with ≥ 10 

LOF variant carriers were analyzed using SAIGE as described, for the single variant analysis 

above. The exome-wide significance threshold was determined to be 5.04×10−6 by using a 

Bonferroni correction of 0.05 / 9,909 genes. Odds ratios (OR) and confidence intervals were 

estimated using Firth’s regression in an unrelated (relatedness estimated to be 3rd degree or 

closer was removed) subset of the cohort (N = 41,335). Additionally, sensitivity analyses 

were performed adjusting for the AF PRS.

Upon identifying a significant association between AF and LOF variants in TTN (Results), 

we analyzed LOF variants located in exons that are highly expressed (percentage splicing 

index ≥ 90%) in left ventricular tissue29, denoted as TTNLOF variants. From then on, all 

individuals with a diagnosis of heart failure concurrent or prior to diagnosis of AF were 

removed for AF analyses, as heart failure is strongly associated with both TTN LOF variants 

and atrial arrhythmias30, 31. We further compared the prevalence of TTNLOF variants among 

individuals with AF, heart failure, and nonischemic cardiomyopathy and calculated the 

penetrance of TTNLOF variants for those diseases in the unrelated population.

Association analyses between TTNLOF and multiple traits.

To identify novel phenotypic associations with TTNLOF variants and to confirm known 

associations30, 31, we then performed association analyses using a curated set of disease 

phenotypes and continuous cardiometabolic traits. Association tests were performed for 

LOF variants in TTN, using a list of curated disease phenotypes and continuous 

cardiometabolic traits (N = 58, Online Table I). Disease phenotypes with < 50 cases or a 

prevalence of LOF variant carriers ≤ 0.5% were excluded to avoid spurious associations. 

Association tests on remaining diseases (N = 31) were carried out using the same logistic 

mixed-effects models implemented in the rare variant analyses. Age, sex, and first 4 

principal components of ancestry were implemented as fixed effects. Effect estimates and 

confidence intervals were estimated using Firth’s logistic regression in the unrelated subset. 

In addition, quantitative traits of BMI, blood pressure, and electrocardiogram measurements 

(Online Table II) were inverse normalized using the “—invNormalize” flag implemented in 

SAIGE and then associated with LOF variants in TTN using a linear mixed-effects model 

adjusting for the same covariates. For PR interval, P wave duration, and QRS complex, we 

additionally adjusted for the RR-interval. A P-value of 6.41 × 10−4 (0.05 / (39 × 2) traits; 

Bonferroni correction) was considered significant. For significantly associated diseases, a 

sensitivity analysis was performed where individuals with AF prior to the diagnosis were 

removed.

Choi et al. Page 5

Circ Res. Author manuscript; available in PMC 2021 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://rdrr.io/cran/EHR/man/Logistf.html


Monogenic and polygenic risk.

Within the entire unrelated population (N = 41,212), AF prevalence conferred by high 

polygenic risk was calculated by comparing increasingly extreme tails of the PRS 

distribution. Odds ratios conferred by high polygenic risk were estimated by comparing 

these tails to the remainder of the population, using Firth’s logistic regression adjusting for 

age, sex, and the first 4 principal components of ancestry. We further identified what 

increment of PRS in standard deviations (SD) was predicted to be equivalent to the risk 

conferred by TTNLOF variants. This was based on the assumed linear relationship between 

the PRS and the log of odds for AF in logistic regression. We then assessed the effect of PRS 

on AF penetrance among TTNLOF variant carriers. This was done by testing the association 

between PRS and AF within carriers only, using Firth’s logistic regression adjusted for age, 

sex, and the first 4 principal components of ancestry. Finally, the variance in AF 

susceptibility explained by both TTNLOF variants and AF PRS were calculated. This was 

done by calculating the improvement in R2 on the liability scale, upon adding either 

predictor to Firth’s regression models which included age, sex and the first 4 principal 

components of ancestry as covariates. The prevalence of AF (3.3%) was determined in the 

exome sequencing samples.

RESULTS

Baseline characteristics.

After sample level quality controls, 1,546 AF patients were identified with a mean age at AF 

onset of 62.6 years and 33.7% of AF cases were female (Table 1). The remaining 41,593 

participants were considered controls. A total of 8.7 million distinct genetic variants were 

available from the exome sequencing data.

Polygenic risk scores are strongly associated with AF risk.

Among 7 candidate PRSs, we found that the PRS derived with ρ = 0.003 was the best 

predictor of AF in the validation cohort (AUC 0.613; 95% CI 0.608–0.618) (Online Table 

III). In the exome sequencing cohort, the PRS performed slightly better (AUC 0.636, 95% 

CI 0.622–0.650) than in the validation cohort. The OR for AF per SD increment of PRS was 

1.63 (95% CI 1.55–1.71, P-value <1×10−15). Individuals in the top decile of the PRS were at 

2.53-fold increased odds of AF compared to the remainder of the population (95% CI 2.21–

2.89, P-value <1×10−15, Online Table IV).

Mutations in TTN are associated with AF in the general population.

Associations between AF and 162,514 variants with MAF ≥ 1% were assessed using a 

logistic mixed-effects model accounting for age, sex, population structure, and sample 

relatedness. There were no single exonic variants that reached exome-wide significance in 

the present analysis.

Next, we sought to determine if there were any genes with a burden of LOF mutations that 

were associated with AF. Among 18,350 protein-coding canonical gene transcripts, 9,099 

had ≥ 10 LOF variant carriers and were tested for the association with AF. We found that 

LOF variants in TTN (N = 259 variants) were significantly associated with AF (OR 2.71, 
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95% CI 1.97–3.66, P-value = 2.50×10−8, N = 554 carriers, Online Table V). When we 

performed a sensitivity analysis adjusting for AF PRS (Figure 1A, Online Figure II), the 

significant association between LOF variants in TTN and AF remained similar (OR 2.70, 

95% CI 1.95–3.66, P-value = 3.12×10−8, Online Table V). The prevalence of LOF variants 

in TTN among AF cases was 3.2% (N = 49 carriers) vs 1.2% (N = 505 carriers) among 

controls.

We did not observe a significant association between AF and rare variation in 37 genes 

previously reported as candidate genes for monogenic forms of AF (Online Table VI, Online 

Figure III).7 Similarly, we tested for an association between LOF variation and the genes at 

recently described GWAS loci for AF10. At the 94 AF GWAS loci, there were 421 of 1,181 

genes that had a sufficient number of loss of function variants to test for an association with 

AF. Of these 421 genes, only TTN was significantly associated with AF (Online Table VII). 

Furthermore, LOF variants in TTN were more common than LOF variants in other genes 

implicated in monogenic forms of cardiovascular disease, such as LDLR, MYBPC3, 

SCN5A, and KCNQ1 (Online Table VIII).

LOF variants in cardiac exons of TTN are strongly associated with AF.

We then performed a series of post-hoc analyses focused on the association between TTN 
and AF. First, we identified 20 additional LOF variants in non-canonical sequences, which 

in aggregate with canonical transcript variants were still significantly associated with AF 

(OR 2.66, 95% CI 1.94–3.56, P-value = 2.80×10−8, N = 591 carriers, Online Tables IX–X). 

Second, we restricted our analysis to LOF variants in exons highly expressed in cardiac 

tissue29 (TTNLOF), which left 198 carriers with 178 distinct LOF variants. Using these 

variants, the association with AF substantially strengthened (OR 6.15, 95% CI 4.07–9.06, P-

value = 3.26×10−14, N = 198 carriers, Online Table X) whereas LOF variants in other exons 

were not associated with AF (OR 1.26, 95% CI 0.74–2.00, P-value = 0.58, N = 395, Online 

Table X). Third, there is a well-described relationship between LOF variants in TTN and 

dilated cardiomyopathy30, 31. Because of this, we excluded AF cases with heart failure 

concurrent or prior to AF diagnosis. Even after removal of 132 of such cases, the association 

between TTNLOF variants and AF persisted at exome-wide significance (OR 5.35, 95% CI 

3.39–8.13, P-value = 1.12×10−10, Figure 1B, Online Table XI). The prevalence of TTNLOF 

variants among these AF cases was 1.9% (N = 27 carriers) vs 0.4% (N = 164 carriers) 

among controls.

TTNLOF variants are more penetrant for AF than for heart failure.

Next, we investigated the frequency and phenotypic presentation of TTNLOF variants with 

respect to both AF and heart failure phenotypes in unrelated participants. Of the phenotypes, 

TTNLOF variants were most common among individuals with nonischemic cardiomyopathy 

(5.4% of cases; N = 7 carriers, Figure 2A). In contrast, TTNLOF variants were more 

penetrant for AF than for heart failure: 14.4% (N = 26 carriers) of carriers had AF while 

only 7.4% (N = 14 carriers) had heart failure (Figure 2B).
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Multiple trait analysis confirms known associations between TTNLOF and cardiovascular 
traits.

We then performed association tests for TTNLOF variants using a curated set of 31 disease 

phenotypes and continuous cardiometabolic traits. We found that nonischemic 

cardiomyopathy, heart failure, supraventricular arrhythmia, mitral valve disease, and the RR 

interval were significantly associated with TTNLOF variants (P < 6.41 × 10−4, Online Figure 

IV, Online Table XII). After removal of participants who had AF prior to the diagnosis of 

disease, TTNLOF variants remained significantly associated with nonischemic 

cardiomyopathy (OR 21.61, 95% CI 8.56–46.02, P= 7.9 × 10−7, Online Figure V).

TTNLOF variants are substantially penetrant for AF while PRS explains more genetic 
susceptibility.

We then sought to determine the relative contribution of both PRS and TTNLOF variants to 

the overall risk of AF. We began by comparing the AF prevalence conferred by high PRS to 

the prevalence conferred by TTNLOF variants. In our study population, 0.44% of individuals 

carried TTNLOF variants, of whom 14% had AF (Figure 3). In contrast, among individuals 

in the highest 0.44% of the AF PRS, only 9.3% had AF (Figures 3–4, Online Table IV). 

Only individuals in the highest 0.10% of the PRS had an AF prevalence comparable to the 

prevalence observed among TTNLOF variant carriers (Figure 3, Online Table IV). TTNLOF 

variants were predicted to confer a risk equivalent to a 3.39 SD increment of PRS. Only 

0.10% of the cohort had a polygenic score of 3.39 SD from the mean or higher (Online 

Figure VI). In contrast, TTNLOF variants explained only 0.2% of the variance in AF 

susceptibility in the study population, and inclusion of LOF variants from additional 13 

testable AF genes explained only 0.4% of the variance in AF risk. The AF PRS, on the other 

hand, explained 4.7% of the variance in AF susceptibility (Online Table XIII).

PRS associates with AF penetrance among TTNLOF carriers.

Finally, we investigated whether AF polygenic risk affects the penetrance of TTNLOF 

variants. The overall prevalence of AF among TTNLOF variants was 14.4% compared to 

3.2% among non-carriers (Figures 3–4; Online Figure VI). Within the 181 carriers of 

TTNLOF variants, the PRS significantly associated with AF (OR per SD 1.79, 95% CI 1.17–

2.85, P-value = 0.007). The observed prevalence of AF among TTNLOF variant carriers in 

the highest tertile of polygenic risk was 21.5% compared to 6.7% in the lowest tertile 

(Figure 5).

DISCUSSION

The availability of both genotyping array and exome sequencing data in over 43,000 

individuals from the UK Biobank provided a unique opportunity to explore the contributions 

of common and rare genetic variation to AF. In the current work, we had four primary 

observations. First, we found that TTN is the most frequently implicated gene for AF in the 

general population in terms of LOF variation. Second, LOF variants in the cardiac exons29 

of TTN are strongly associated with AF, regardless of a prior history of heart failure. Third, 

despite the substantial AF penetrance conferred by TTN mutations, the polygenic risk for 

AF explains a larger proportion of genetic susceptibility in the general population. Finally, 
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the polygenic risk of AF markedly alters the disease penetrance among TTN mutation 

carriers.

In an exome wide analysis of the population-based UK Biobank, we identified mutations in 

a single gene, TTN, that were significantly related to AF. The TTN gene encodes a very 

large sarcomeric protein, titin, that is crucial for sarcomere assembly, cardiac muscle 

contraction, and elasticity32. Truncating variants in TTN are a well-known cause of dilated 

cardiomyopathy30 and have also been identified in other cardiac and skeletal muscle 

myopathies. Recently, we and others found a significant association between TTN truncating 

variants in selected individuals with familial AF33 and early-onset AF18. Given that AF is a 

risk factor for heart failure34, and heart failure is also a risk factor for AF35, it will be 

interesting to explore the temporal relationship between each of these diseases among 

TTNLOF mutation carriers. In the current work, we establish a significant association 

between TTNLOF variants and AF even after removal of any individuals with heart failure 

prior to the onset of AF (OR 5.35, 95% CI 3.39–8.13, P-value = 1.12×10−10). Notably, we 

also find that TTNLOF variants are more penetrant for AF than for heart failure in the UK 

Biobank; while the relative risk of heart failure conferred by TTNLOF variants is higher than 

the relative risk of AF, the absolute risk of AF is higher among carriers. In future years as 

exome sequencing data and MRI imaging data become available on more UK Biobank 

participants, further delineation of the long-term outcomes in TTNLOF mutation carriers will 

be possible.

TTN is the largest gene in the human genome. As such, more LOF variants are expected to 

exist in the population for TTN compared to most other genes. Indeed, TTNLOF variants are 

5–10 times more common than mutations in other smaller, well-known cardiovascular 

disease susceptibility genes. For example, LOF mutations in LDLR underlying familial 

hyperlipidemia occur in only 0.028% individuals in the current dataset. Similarly, LOF 

mutations in MYBPC3 (hypertrophic cardiomyopathy), KCNQ1 (long-QT syndrome), and 

SCN5A (Brugada syndrome; conduction disorders) are observed in only 0.044%, 0.046%, 

and 0.065% of individuals, respectively. In contrast, TTNLOF mutations are relatively 

common, as we find that 0.44% of individuals harbor a TTNLOF variant.

Our findings also highlight the robust contribution of polygenic risk to AF susceptibility and 

the complimentary nature of polygenic risk and rare variation. AF polygenic risk explains a 

considerably larger proportion of AF susceptibility in the general population (4.7% of 

variance) compared to TTNLOF mutations. Though polygenic risk accounts for a greater 

proportion of AF risk, by nature it has a lower average degree of penetrance. In fact, only 

0.10% of the population has a polygenic score conferring an equivalent AF prevalence to 

that observed among TTNLOF variant carriers. We also find that AF polygenic risk results in 

a striking difference in the prevalence of AF among TTNLOF variant carriers (OR per SD 

1.79). For example, TTNLOF variant carriers in the lowest tertile of AF PRS have an AF 

prevalence of only 6.7% compared to 21.5% in the highest tertile. Thus, polygenic risk 

results in an additive risk that further increases the likelihood of AF in TTNLOF mutation 

carriers.
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With the observation that TTN mutations are associated with AF in families, early-onset 

cases, and now in a population-based biobank, a number of potential further lines of 

investigation can be considered. In the future, it will be interesting to determine whether the 

identification of a TTNLOF mutation in an individual with AF could alter clinical 

management. For example, one could consider cardiac magnetic resonance imaging to 

identify subtle structural abnormalities or screening of at-risk relatives. It will also be 

interesting to determine if TTNLOF variant carriers with AF may benefit from treatment with 

neurohormonal therapy or may respond differently to standard AF treatments such as 

antiarrhythmic medications or catheter ablation.

To date, mutations in more than 35 genes including ion channels, gap junction proteins, and 

transcription factors have been identified in individuals and families with AF; however, we 

were not able to replicate an association between LOF variants in these genes and AF in our 

analyses. We also performed gene-based testing accounting for functional classes, but did 

not observe any significant associations between these genes and AF risk (Online Table 

XIV). However, since many of these genes had few LOF variants, the power to establish an 

association between these genes and AF was limited. Furthermore, our analyses did not 

consider other forms of genetic variation. It is possible that nonsynonymous variation in 

some of these previously reported genes may contribute to AF risk. For example, the gain-

of-function nonsynonymous variants previously described in KCNQ136, 37 would not have 

been identified in our current approach. Similarly, there have been over 100 GWAS loci 

reported for AF, yet we did not identify an association between LOF variants in any gene at 

a GWAS locus other than TTN. Since GWAS loci are typically associated with non-coding 

variants with small effects, it is possible that LOF variants in nearby genes are only rarely 

associated with AF. Finally, despite inclusion of over 1,500 AF cases, our power remains 

modest and future studies with significantly larger sample sizes will be informative. For 

example, a recent analysis of exome sequencing data for diabetes with over 20,000 cases 

identified multiple genes implicated in the disease38.

Our study has several other potential limitations. First, we focused on a relatively 

homogeneous middle aged, white-European population. As such, our findings may not be 

applicable to other age strata, races or ethnicities. Second, disease status in the UK Biobank 

relies on self-reports, ICD codes, operation codes, and death registry codes. As a 

consequence, some misclassification is possible. However, we recently used the same 

phenotypic definitions in GWAS for AF and heart failure and replicated well-described 

genetic loci6, 10, 39. In addition, well-known associations between TTNLOF and nonischemic 

cardiomyopathy were replicated in a PheWAS in the present study. Misclassification of these 

diseases may therefore be limited. Third, there is the potential for ascertainment bias among 

participants in the UK Biobank, making it unlikely that the study perfectly reflects the 

overall UK population. The participants in the UK Biobank are known to be healthier than 

the overall British population, and individuals with an overt cardiomyopathy due to a 

TTNLOF mutation may be less likely to participate in this longitudinal study. It is reassuring, 

however, that we found a similar frequency of TTNLOF variants in the UK Biobank (0.44%) 

compared to prior reports of 0.5% among controls33 and the general population40.
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In conclusion, both polygenic and monogenic factors contribute to AF risk in the general 

population. While monogenic TTNLOF variants confer a substantial AF penetrance, 

polygenic risk explains a larger proportion of genetic susceptibility to AF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Over 100 distinct genetic loci have been identified for atrial fibrillation (AF).

• Rare loss-of-function mutations in TTN have been associated with early-onset 

AF.

• The contribution of rare and common genetic variation to AF risk in the 

general population is not clear.

What New Information Does this Article Contribute?

• Loss-of-function (LOF) mutations in TTN are significantly associated with 

AF in a large population-based study.

• TTN mutations associated with AF are rare but have a high penetrance of 

approximately 14%.

• A much larger proportion AF risk in the population is explained by the 

additive effect of many common variants than by loss-of-function mutations 

in TTN.

Choi et al. Page 14

Circ Res. Author manuscript; available in PMC 2021 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. High-confidence loss-of-function variants in TTN among atrial fibrillation cases and 
controls in UK Biobank.
Figure 1A is a Manhattan plot of the gene-based burden analysis for predicted high-

confidence loss-of-function (LOF) variants and atrial fibrillation. Grey dotted line represents 

the exome-wide significance level. Results are based on LOF variants in canonical 

transcripts only, and are adjusted for sex, age, polygenic risk score and the first four 

principal components of ancestry. LOF variants in TTN are associated with AF. Figure 1(B) 

shows the locations of LOF variants in titin (protein encoded by TTN) found in heart failure, 

non-ischemic cardiomyopathy and atrial fibrillation patients, as well as in controls. Shown 

variants are restricted to those found in exons highly expressed in cardiac tissue. Red bars (N 

= 27) in atrial fibrillation cases are LOF variants found among patients who did not have 

heart failure prior to atrial fibrillation. Blue bars from the second and third rows represent 

LOF variants identified from patients who had atrial fibrillation prior to heart failure or non-

ischemic cardiomyopathy. The bottom of the Figure 1B illustrates different bands of TTN. 

The TTN exons highly expressed in heart tissue are shown on the inside of the band in grey.
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Figure 2. Prevalence and penetrance of TTNLOF variants with respect to atrial fibrillation and 
heart failure.
Figure 2A exhibits the proportion of carriers with high confidence loss-of-function variants 

in cardiac TTN (TTNLOF) and 95% confidence intervals among unrelated atrial fibrillation 

(AF), heart failure (HF), and nonischemic cardiomyopathy (CMP) cases. Figure 2B shows 

the penetrance of TTNLOF variants for AF, HF, and CMP. Of the three diseases, TTNLOF 

variants are most frequent among individuals with non-ischemic cardiomyopathy. All values 

are calculated from an unrelated subset of the exome sequencing cohort (N = 41,212). AF 

cases with HF prior to AF are excluded.
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Figure 3. Prevalence of atrial fibrillation conferred by loss-of-function variants in cardiac TTN 
compared to polygenic risk in the UK Biobank.
The first figure illustrates the distribution of AF polygenic risk score in the UK Biobank. 

Each human icon represents 1% of the population and a dotted vertical line exhibits highest 

0.44% of AF polygenic risk group. Among this 0.44% group, 9.3% individual had atrial 

fibrillation. The bottom figure illustrates the carriers with high confidence loss-of-function 

variants in cardiac TTN (TTNLOF). As shown in the last human icon, 0.44% participants of 

the UK Biobank carried TTNLOF variants and among those, 14.3% had atrial fibrillation.

Choi et al. Page 17

Circ Res. Author manuscript; available in PMC 2021 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Prevalence of atrial fibrillation conferred by loss-of-function variants in cardiac TTN 
compared to polygenic risk in the UK Biobank.
Figure 4 shows the prevalence of atrial fibrillation (AF) conferred by loss-of-function 

variants in cardiac TTN (TTNLOF) and the prevalence conferred by high AF polygenic risk 

scores (PRS) in an unrelated subset of the exome sequencing cohort where cases of AF with 

heart failure prior to AF are excluded (N = 41,212). Increasingly extreme tails of the PRS 

distribution are shown in blue. TTNLOF variant carriers are shown in red. Approximately 

0.44% of the population carried TTNLOF variants, of which 14% had AF. Meanwhile, only 

9.3% of individuals in the top 0.44% of AF PRS had AF.
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Figure 5. Prevalence of atrial fibrillation stratified by monogenic and polygenic risk in the UK 
Biobank.
Figure 5 shows the prevalence of atrial fibrillation (AF), stratified by polygenic and 

monogenic risk in the unrelated subset of the exome sequencing cohort (N = 41,212). In the 

population, AF prevalence increased with increasing AF polygenic risk score (PRS) and was 

considerably higher in carriers of loss-of-function variants in cardiac TTN (TTNLOF) which 

are shown in red. Among TTNLOF carriers, AF PRS associated with AF penetrance: Carriers 

in the lowest tertile of PRS had an AF prevalence of 6.7% compared to 21.5% in the highest 

tertile.
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Table 1.

Characteristics of controls, atrial fibrillation cases, and atrial fibrillation cases with LOF carriers

Controls AF* cases AF cases carrying TTNLOF
†
 variants

Participants, N
§ 41,593 1,546 34

Female, N (%) 22,825 (54.88) 521 (33.7) 14 (41.18)

Age at baseline, Mean (SD
||
) 57.2 (7.9) 62.7 (6) 62.3 (6)

Age at onset, Mean (SD) - 62.6 (7.3) 62.6 (7.6)

Hypertension, N (%) 13,198 (31.73) 987 (63.84) 17 (50)

Heart Failure, N (%) 293 (0.7) 237 (15.4) 12 (35.29)

Myocardial Infarction, N (%) 1,096 (2.64) 198 (12.81) 4 (11.76)

Diabetes, N (%) 2,630 (6.32) 229 (14.81) 11 (32.35)

*
AF: atrial fibrillation,

†
TTNLOF: predicted to be high-confidence loss-of-function variant in TTN exons highly expressed in cardiac tissues,

§
N: the number of samples,

||
SD: standard deviation.
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