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Abstract

Background -—Truncating variants in the desmosomal gene PKP2 (PKP2tv) cause 

arrhythmogenic right ventricular cardiomyopathy (ARVC) yet display varied penetrance and 

expressivity.

Methods -—We identified individuals with PKP2tv from the UK Biobank (UKB) and 

determined the prevalence of an ARVC phenotype and other cardiovascular traits based on clinical 

and procedural data. The PKP2tv minor allelic frequency (MAF) in the UKB was compared with 

a second cohort of probands with a clinical diagnosis of ARVC (ARVC cohort), with a figure of 

1:5000 assumed for disease prevalence. In silico predictors of variant pathogenicity (CADD and 

Splice AI) were assessed.

Results -—PKP2tv were identified in 193/200,643 (0.10%) UKB participants, with 47 unique 

PKP2tv. Features consistent with ARVC were present in 3 (1.6%), leaving 190 with PKP2tv 

without manifest disease (UKB cohort; MAF 4.73x10−4). The ARVC cohort included 487 ARVC 

probands with 144 distinct PKP2tv, with 25 PKP2tv common to both cohorts. The odds ratio 

(OR) for ARVC for the 25 common PKP2tv was 0.047 (95% CI 0.001-0.268; p 2.43x10−6), 

and only favored ARVC (OR>1) for a single variant, p.Arg79*. In silico variant analysis did not 
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differentiate PKP2tv between the 2 cohorts. Atrial fibrillation was over-represented in the UKB 

cohort in those with PKP2tv (7.9% vs. 4.3%; OR 2.11; p=0.005).

Conclusions -—PKP2tv are prevalent in the population and associated with ARVC in only 

a small minority, necessitating a more detailed understanding of how PKP2tv cause ARVC in 

combination with associated genetic and environmental risk factors.

Keywords

Arrhythmogenic right ventricular cardiomyopathy; plakophilin-2; truncating variants; atrial 
fibrillation

Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC), the right dominant form 

of arrhythmogenic cardiomyopathy, is an inherited cardiac disorder characterized by 

ventricular arrhythmia, heart failure and sudden cardiac death. 1,2 The diagnosis is based 

on varying electrocardiographic, structural, and histological features as defined by the 2010 

International Task Force criteria (TFC). 3 In its early course ARVC is characterized by 

ventricular arrhythmias, with the later development of ventricular dysfunction leading to 

heart failure 4 and atrial remodeling associated with atrial fibrillation. 5

In two thirds of patients meeting TFC, a causal genetic variant can be identified, 

most commonly in the gene PKP2, encoding the desmosomal armadillo repeat protein, 

plakophilin-2. Credible disease variants are almost exclusively truncating variants (PKP2tv) 

with the mutant transcript exposed to nonsense medicated mRNA decay (NMD) leading 

to haploinsufficiency as the inferred mechanism, suggesting the vast majority, if not all, of 

PKP2tv share a common mechanism.

Cascade screening within families affected by ARVC has demonstrated reduced penetrance 

and variable expressivity in family members compared to probands. 6 Additionally, multiple 

PKP2tv associated with ARVC have been identified in large-scale population sequencing 

projects and as secondary findings, supporting the concept of genetic complexity beyond a 

simple monogenic disorder.

Prior studies have assessed sequence variation in cardiomyopathy genes identified within 

control populations compared to patients with a clinical diagnosis of cardiomyopathy,7 or 

the presence of a cardiomyopathy phenotype in those with desmosomal variants. 8,9 In 

this analysis we focused specifically on PKP2; firstly, to identify PKP2tv in UK Biobank 

participants and to assess for the presence of a phenotype consistent with ARVC and other 

cardiovascular traits such as atrial fibrillation and heart failure and identify specific PKP2tv 

present in those without manifest cardiomyopathy. Secondly, we identified probands with 

ARVC and a PKP2tv reported in the medical literature and compared the frequency of 

PKP2tv amongst the 2 cohorts.
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Methods

Detailed methods are available in the Supplementary Material. All data used in this analysis 

is open source and publicly available. The ARVC cohort was derived from published 

cases in the medical literature (https://pubmed.ncbi.nlm.nih.gov) using the search terms as 

defined in the Supplementary Material. Genetic and clinical data in the UK Biobank cohort 

was identified in the UK Biobank (https://www.ukbiobank.ac.uk) as described. No human 

subjects were used for this study. The authors declare that all supporting data are available 

within the article (and the online associated supplementary files).

Results

UK Biobank participants with PKP2tv

PKP2tv were identified in 193 UKB participants, who were 58.2 ± 8.4 years old at 

recruitment, of whom 94 (48.7%) were male. Clinical findings consistent with ARVC were 

reported in 3 (1.6%) individuals. A 58-year-old male with ventricular tachycardia (VT) 

and implantable cardioverter-defibrillator (ICD) and family history of cardiomyopathy, and 

a 44-year-old male with VT and an ICD. Both had the Arg735X variant. The third, a 

51-year-old male with the splice variant c.2146-1G>C had a history of premature ventricular 

beats, VT and prior electrophysiology study and ablation, left bundle branch block and 

AF. None of the 3 had hypertension or coronary artery disease. Overall, the identifiable 

prevalence of ARVC in the UK Biobank cohort was 3/193 (1.6%).

UKB Cohort

The remaining 190 UKB participants with PKP2tv (MAF 4.73x10−4) were considered 

to have insufficient symptoms or evidence of ARVC to result in clinical investigations 

or management and constituted the UKB cohort. In this cohort there were 45 distinct 

PKP2tv of which 20 were reported more than once, and 25 were singletons. Three 

variants were present in more than 10 of the UKB cohort (c.2146-1G>C, p.Arg735* and 

Thr50Serfs*61) all of which have been associated with ARVC in numerous individuals 

(Figure 1; Supplementary table I). Based on location no variants were predicted to escape 

NMD.

CMR data was reported for 17/190 individuals: LV ejection fraction was 58.2 ± 5.7%; 

LVEDVI 69.8 ± 14.3mL/m2; and cardiac index 2.6 ± 0.4mL/min/m2. ECG data was also 

available in 17/190 individuals with QRS duration measured at 91 ± 18ms and corrected QT 

interval 425 ± 35ms.

Atrial fibrillation was present in 15/190 (7.9%) in the UKB cohort with PKP2tv compared 

to 8699 (4.3%) of those without PKP2tv and was therefore over-represented in those with 

PKP2tv (OR 2.11; p=0.005). The prevalence of cardiac failure was 4/190 (2.1%) and VT 

3/190 (1.6%), which were not different from the overall cohort. All 3 individuals with VT 

had coronary artery disease.
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Previously reported PKP2tv associated with ARVC

We identified 487 ARVC probands previously reported in the medical literature and Leiden 

University Medical Center database with 144 distinct PKP2tv. Ten variants in 22 probands 

were copy number variants (4.5% of the overall number) varying from deletion of the entire 

PKP2 coding sequence (9/22; 40.9%) to deletion of single or multiple exons, which were 

excluded from further analysis. Of the remaining 134 PKP2tv, 53 were reported more than 

once and 81 were singletons. Nine different PKP2tv were identified in >10 individuals in 

the ARVC cohort, representing 47% of the total. (Figure 1; Supplementary table II) Four 

variants were predicted to escape NMD.

PKP2tv seen in both UKB cohort and ARVC cohort

Twenty-five (25) PKP2tv were common to both the ARVC cohort and UKB cohort, 

accounting for 220/487 (45.0%) of individuals in the ARVC cohort and 157/190 (82.6%) 

in UKB cohort respectively. The OR for all 25 variants was 0.047 (95% CI 0.001-0.268; 

p = 2.43x10−6) and was <1 for all individual variants except for p.Arg79*, suggesting that 

the majority with variants associated ARVC in other individuals will not develop clinical 

features of ARVC. (Table 1; Figure 2)

To further define the effect of varied ARVC prevalence in the population, we recalculated 

the OR assuming a maximum disease prevalence of 1 in 2000 and minimum of 1 in 8000, 

for all PKP2tv common to the 2 cohorts, and for the variant most favoring (p.Arg79*; OR = 

1.2) and least favoring (p.Arg735*; OR = 0.0034) clinical ARVC in the initial analysis. At 1 

in 2000 the OR were 3.02 for p.Arg79* and 0.01 for p.Arg735*, and at 1:8000 was 0.76 for 

p.Arg79* and 0.003 for p.Arg735* (Table 2). Irrespective of the disease prevalence the OR 

was >1 for only a single variant (p.Arg79*).

In silico analysis

CADD and Splice AI scores were available for 74/109 (68%) and 26/26 (100%) of the 

PKP2tv in ARVC cohort. CADD (38) and Splice AI (7) scores were available for all variants 

in the UKB cohort. There was no difference between the two cohorts for either CADD score 

(33.7 ± 6.5 vs. 32.2 ± 6.9; p=0.26) or Splice AI (0.91 ± 0.22 vs. 0.98 ± 0.02; p=0.39). 

Similarly, there was no difference in CADD score between the 20 variants in UKB cohort 

associated with ARVC compared to those not (33.7 ± 6.5 vs. 31.7 ± 7.0; p=0.15).

Discussion

Since the seminal description by Gerull in 2004, the relationship correlation between 

PKP2tv and ARVC has become ever more recognized. Yet despite this the evidence for low 

penetrance and expressivity continues to evolve, initially from evaluation of large families 

and more recently on a genotype first approach. In this analysis we identified that PKP2tv, 

including those with an established disease association, are prevalent in the population 

yet only a very small minority of individuals harboring these variants appear to develop 

clinically manifest ARVC.
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This poses a number of important questions in regard to the relationship between PKP2tv 

and ARVC. PKP2tv have historically been considered rare disease-causing variants with 

large effect, yet as in several genetic disorders the advent of large scale databases 

incorporating comprehensive sequencing has identified many such variants in seemingly 

unaffected individuals.10 Over 80% of individuals in the UK Biobank cohort had a variant 

previously associated with ARVC, making this a highly relevant and comparative cohort. 

This evolving picture has important implications for our understanding of the relationship 

between purportedly monogenic cardiovascular diseases and associated genetic variants, 

with increasing evidence suggesting many variants are of limited effect, and require genetic 

or environmental modifiers to reach disease threshold. 11 Previously reported factors 

promoting penetrance include second desmosomal genetic variants,12 and most recently 

endurance exercise which may place excessive strain on susceptible right ventricular 

myocardium.13 As experience of the natural history of PKP2tv (and those in other genes) 

grows through resources such as UK Biobank, the reporting and management of secondary 

findings on non-phenotype testing will become better understood.

PKP2tv associated with ARVC

These findings provide a detailed overview of the genetic architecture of PKP2tv associated 

with ARVC, an increasingly recognized correlation within desmosomal arrhythmogenic 

cardiomyopathies.14–17 Although this analysis includes only cases published in the medical 

literature, the cohort was large enough that it is likely an accurate representation of the 

spectrum and prevalence of different PKP2tv associated with ARVC. Whilst many variants 

are encountered only once, a number were reported in several probands in the ARVC cohort 

consistent with founder effects as previously described using haplotype analysis in multiple 

kindreds.15

PKP2tv in UK Biobank cohort

To provide a meaningful comparison with probands with manifest disease in the ARVC 

cohort we identified UKB participants with PKP2tv. Based on the assumption that all 

PKP2tv have the same impact on functional protein levels within the desmosome, the 190 

individuals in the UKB cohort should theoretically have the same genetic predisposition 

as those with established disease. The UK Biobank provides comprehensive phenotypic 

data together with whole exome sequencing, allowing determination of the prevalence and 

disease association of specific variants in an adult population, thereby reducing the potential 

confounder of age-related penetrance. The average age of the UK Biobank cohort in this 

study was 57 years, compared to an average age of symptomatic disease onset of 33 years in 

individuals presenting with ARVC.18 As the onset of ARVC continues into later life but at 

lower incidence, the possibility of subsequent disease onset cannot be excluded.6

A phenotype consistent with ARVC was only seen in a very small minority (1.6%), with 

an OR of 0.047 for the development of ARVC assessing all PKP2tv identified in both 

cohorts. This finding is concordant with, and significantly scales the findings of, prior 

studies where a genotype first approach identified 19 individuals with PKP2tv, and although 

5 exhibited features of the condition none had a ‘demonstrable ARVC phenotype’. 9 To 

accurately define penetrance of any PKP2tv in the UKB cohort (i.e., a binary phenomenon 
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where features consistent with ARVC are present or not) would require a level of clinical 

evaluation beyond that provided in the data available. That said if these variants are 

indeed penetrant, the expressivity appears insufficient to generate symptoms requiring 

evaluation or documented clinical findings and intervention. The finding that AF was more 

common in the UKB cohort with PKP2tv requires further clinical validation and mechanistic 

characterization but may suggest an increased risk of common cardiovascular traits in those 

with variants in known disease genes typically associated with monogenic disorders.

Comparison of PKP2tv between ARVC and UKB cohorts

There was significant commonality in PKP2tv identified in ARVC cohort and UKB cohort, 

with many of the same founder variants seen in both groups and many well recognized 

ARVC-associated variants seen in apparently unaffected individuals in the UK Biobank. 

For example, the splice acceptor variant c.2146-1G>C, the most common variant associated 

with ARVC, was only associated with clinically manifest ARVC in 1 individual of 46 UK 

Biobank participants. On direct comparison between the two groups the OR was greater 

than 1 for only a single variant, p.Arg79*. This statistic was not affected by reducing the 

estimated disease prevalence to 1 in 2000. (Table 2)

In silico predictors of variant pathogenicity may be an important additional mechanism to 

help identify variants more likely to be disease associated. Using both CADD and SpliceAI 

we were unable to identify any statistically significant difference in scores between the 

variants in the ARVC and UKB cohorts. This may not be surprising given the significant 

commonality between PKP2tv in the 2 cohorts and predicted common mechanism for all 

variants.

Haploinsufficiency as primary mechanism of disease

The consequence of all PKP2tv involved in this study makes haploinsufficiency a credible 

disease mechanism, where reduced levels of plakophilin-2 protein may fundamentally affect 

desmosomal integrity and binding with associated proteins. This is further supported by a 

classical ARVC phenotype in patients with whole gene deletions and heterozygous knock-

out murine models. 19,20 Plakophilin-2 plays a key role in linking the desmosomal cadherins 

within the intercellular junction to intermediate filaments and the sarcomere affecting force 

transmission, regulate beta-catenin pathways, and control the expression of multiple genes 

critical to cellular calcium cycling. 21,22

Western blot analysis of myocardial samples from multiple patients with differing PKP2tv 

demonstrates a reduction of plakophilin-2 to ~50% of the levels seen in control samples. 
23 Protein and transcript levels were similarly reduced in cultured keratinocytes mirroring 

that seen in myocardial samples, and notably were also reduced in keratinocytes from 

unaffected family members with PKP2tv suggesting haploinsufficiency alone is not a 

prerequisite for disease expression. 23 Analysis of induced pluripotent stem cells (iPSC) has 

provided further insights into cellular derangements associated with PKP2tv. iPSC derived 

cardiomyocytes from a proband with ARVC (p.Ala324Glyfs*11) exhibited significant 

reduction in plakophilin-2 and connexin-43 immunostaining, with marked distortion of 

desmosomal architecture.24 iPSC modeling in cells derived from unaffected individuals such 
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as those in the UKB cohort may provide a valuable insight into cellular and molecular 

differences between those with and without ARVC.

A major question arising from this study is an explanation for why so many individuals 

with proven or seemingly disease-causing variants apparently have non-penetrant or sub-

clinical disease, and well-known disease-associated variants such as c.2146-1G>C and 

p.Arg735* appear to be associated with ARVC in only a minority of genetically susceptible 

individuals. Possible explanations for tolerance of PKP2tv include upregulation of the wild 

type allele to create sufficient protein to maintain normal function, or that plakophilin-2 

haploinsufficiency requires an additional modifier to cause manifest disease. Allelic 

imbalance via cis-promoter or enhancer elements may increase production of the wild-type 

protein as opposed to the mutant and has been demonstrated in other cardiac genetic 

disorders. Levels of wild type myosin binding protein C in patients with hypertrophic 

cardiomyopathy resulting from MYBPC3 truncating variants may be 70% that of unaffected 

individuals. 25 However, upregulation of the wild type allele to fully compensate for the 

any truncating variants transcribed by the mutant allele is rare in humans, 26 although what 

threshold exists for plakophilin-2 expression required to prevent ARVC is unknown.

All probands in the ARVC cohort included in this analysis had a single PKP2tv in the 

heterozygous state effectively eliminating a gene dosage effect from a second desmosomal 

variant promoting ARVC, a mechanism previously reported as an important disease 

modifier. 12 Endurance exercise has attracted much recent attention as an important disease 

environmental risk factor, promoting early-onset, severe disease in PKP2-mediated ARVC 

in several patient cohorts and experimental models, 13,27,28 a factor likely related to the 

disproportionate hemodynamic stress to which the right ventricle is exposed during exertion. 
29 This has led to recommendations of exercise restriction in individuals with a PKP2tv to 

limit disease expression. 1 However, the true role of exercise as a disease modifier needs to 

be assessed in the wider at-risk population, to determine to what degree this may be broadly 

applicable or applies only to a subset of individuals with PKP2tv. Such information is not 

part of the UK Biobank. Given the long-term medical, psychological and social benefits 

of exercise, a more nuanced understanding of this genotype-environmental relationship 

has important implications for future clinical management of this population as recently 

described,30 especially those increasingly ascertained through genetic testing in the absence 

of cardiac indications. 31

Assumptions and limitations

This study relied on several assumptions and has inherent limitations. Firstly, in calculating 

the MAF for the ARVC cohort, and hence odds ratio, we assumed the disease prevalence 

to be 1:5000. This figure is frequently quoted, although accurate determination of the 

true population prevalence of any rare disease is challenging. We assessed the impact of 

deviations from this estimated prevalence rate using a sensitivity analysis. Increasing the 

prevalence in ARVC probands to 1 in 2000 did not alter the main finding that PKP2tv are 

more prevalent in those without overt disease. Secondly, we assumed all PKP2tv identified 

in the ARVC cohort were the main driver of disease, which is difficult to prove in the 
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absence of detailed clinical and genetic evaluation of the wider family to demonstrate 

segregation.

Third, in an attempt to create two groups that were genetically comparable we assumed 

all PKP2tv lead to haploinsufficiency, which cannot be proven without detailed analysis 

of mRNA and protein levels for each variant, and to date such studies have only been 

performed for a minority. Mutant transcripts have been detected resulting from splice 

variants c.2146-1G>C, c.2489+1G>A, c.2489+4A>C and c.2490-1G>C, thereby seemingly 

escaping NMD, but to what degree these translate to functional protein incorporated into 

the desmosome is unknown. 16,32 In other genes implicated in cardiomyopathies (e.g., 

MYBPC3) mutant transcripts similarly escape NMD, although truncated products which 

could exert a dominant negative effect on the wild type protein within the sarcomere have 

not been identified.25,33 Finally, considerable ascertainment bias could be present in the 

cases reported in the literature such that the true prevalence and contribution to disease of 

different variants (and hence MAF) could be inaccurate. We have attempted to mitigate this 

potential bias by including all cases reported.

Conclusions:

Although PKP2tv appear unequivocally associated with ARVC, they are also prevalent in 

the general population and are associated with clinically overt disease in only a small 

minority of genetically at-risk individuals. Many variants are recurrent and common to both 

those with ARVC and seemingly unaffected individuals yet seem more common in the 

latter despite an apparently common pathway leading to haploinsufficiency, suggesting a 

more complex etiology beyond simple Mendelian inheritance. A better understanding of the 

complex genetic and environmental interactions with PKP2tv leading to ARVC will allow 

for more personalized patient management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations and acronyms

ARVC Arrhythmogenic right ventricular cardiomyopathy

TFC Task Force Criteria

PKP2tv Plakophilin-2 truncating variants

VT Ventricular tachycardia
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ICD Implantable cardioverter defibrillator

NMD Nonsense mediated mRNA decay

CADD Combined annotation-dependent depletion

UKB UK Biobank

OR Odds ratio

LVEDVI Left ventricular end diastolic volume indexed
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Figure 1. 
PKP2 truncating variants in ARVC cohort and UK Biobank cohort

Topological location of PKP2 protein truncating variants identified in more than 10 

individuals in the ARVC and UK Biobank cohorts. The number of times the variant was 

identified, and percentage of overall burden is displayed with each variant.
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Figure 2. 
Odds ratio of PKP2 truncating variants identified in both ARVC cohort and UK Biobank 

cohort.

The odds ratio (OR) of minor allelic frequency for PKP2 truncating variants identified in 

both ARVC and UK Biobank cohorts. The dotted line denotes an OR of 1, and variants 

above that line are more commonly associated with ARVC than not.
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