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Abstract 

Arrhythmogenic Cardiomyopathy (ACM) is a rare cardiac condition associated with 

arrhythmias and sudden death. ACM encompasses a number of inherited cardiac conditions 

with a wide phenotypic spectrum, including arrhythmogenic right ventricular cardiomyopathy 

(ARVC). Currently, over 40% of patients have no mutations in known ACM genes suggesting 

that other, yet unidentified, genes may be implicated in the pathogenesis of the disorder.  

This study investigated by whole exome sequencing (WES) a cohort of 120 ACM patients who 

were gene negative for major genes associated with cardiomyopathy and arrhythmia 

syndromes. It aimed to identify rare genetic variants in known and new genes and determine 

their contribution to phenotypic heterogeneity and patterns of disease expression in ACM.  

Gene burden test analysis of WES data identified filamin C (FLNC) as a major causal gene in 

this ACM cohort. Extensive co-segregation studies were performed in pedigrees with FLNC 

variants. Clinical evaluation of affected individuals revealed unique clinical features in filamin 

C variant carriers which are not included in the current clinical diagnostic criteria for ARVC. 

Immunohistochemistry work investigated the location of key proteins in cardiac tissue of 

patients with FLNC variants revealing differences to protein distribution patterns associated 

with typical ARVC. RNA sequencing of fixed cardiac specimens with FLNC variants detected 

disruption of two unique signalling pathways, the focal adhesion and ILK pathway. 

This work has shown that filamin C is a novel causative gene for an arrhythmogenic disease 

entity which differs from the typical ARVC phenotype. This is supported by clinical evidence 

as well as data obtained by immunohistochemistry and signalling pathway analysis of the 

transcriptome in FLNC variant carriers. Further work is required to confirm these findings and 

fully elucidate the mechanisms by which mutations in filamin C underlie ACM.  
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Impact Statement 

This thesis has succeeded in identifying a new causative gene, filamin C, in ACM. It was shown 

that pathogenic variants in FLNC are associated with a unique arrhythmogenic phenotype 

with well established clinical features for the disorder as well as others which are not included 

in the current diagnostic criteria for ARVC, thus highlighting the importance of routine 

Magnetic Resonance Imaging (MRI) and Holter monitoring in the clinical setting.  

The distinct phenotype associated with FLNC variants appears to be markedly different to 

classic ARVC and this observation was further supported by immunohistochemistry and RNA 

sequencing work.  

Functional work into the molecular pathogenesis of FLNC cardiomyopathy identified a 

different localisation pattern of cardiac proteins in human cardiac tissue carrying FLNC 

variants compared to typical ARVC caused by desmosomal mutations. These novel findings 

are included in the manuscript: Charlotte L. Hall et al. ‘Filamin C variants are associated with 

a distinctive clinical and immunohistochemical arrhythmogenic cardiomyopathy phenotype’ 

which has been published in the International Journal of Cardiology (Appendix manuscript 1). 

RNA sequencing identified that unique disruption of two distinct pathways, the ILK pathway 

and focal adhesion pathway, occurs in human cardiac tissue with FLNC variants. This work has 

been published in the International Journal of Cardiology Charlotte L. Hall et al. ‘RNA 

sequencing-based transcriptome profiling of cardiac tissue implicates novel putative disease 

mechaisms in FLNC-associated arrhythmogenic cardiomyopathy’ (Appendix manuscript 2). 

The findings of this work may facilitate future work into developing drugs and therapies by 

targeting the pathways that are dysregulated in this form of cardiomyopathy and assist 

improved diagnosis and management of ACM tailored to individual genotypes. 
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FH - Family history  

FLNC - Filamin C 

FPKM - Fragments per kilobase of transcript per million mapped reads 

FYN - FYN proto-Oncogene, Src family tyrosine kinase 

GAPDH - Glyceraldehyde-3-phosphate dehydrogenase 
 
GATK - Genome analysis toolkit 

GFP - Green fluorescent protein 

gnomAD - Genome Aggregation Database  

gnum - Number of genes 

GO - Gene Ontology   

GSK3 - Glycogen synthase kinase 3 

GSK3β - Glycogen synthase kinase 3 beta 

GTPBP3 - GTP binding protein 3  

GWAS - Genome wide association studies 

HBSS - Hank's balanced salt solution 

HCM - Hypertrophic cardiomyopathy 

HL-1 cells - Immortalised mouse cardiomyocytes 

HSPH1 - Heat shock protein family H (Hsp110) member 1 

HSF - Human splicing finder  
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ICD - Implantable cardioverter defibrillator 

ID – Intercalated disc 

IDDM - Insulin dependent diabetes mellitus 

IGV - Integrative Genome Viewer  

ILK - Integrin linked kinase 

IMEx - International Molecular Exchange 

indels - Insertions and deletions  

IPA - Ingenuity Pathway Analysis 

iPSC-CMs - Induced pluripotent stem cells - cardiomyocytes 

iPSCs - Induced pluripotent stem cells  

ISFC - International Society and Federation of Cardiology 

ITGA4 - Integrin subunit alpha 4 

ITGB8 - Integrin subunit beta 8 

JUN - Jun proto-oncogene, AP-1 transcription factor subunit 

JUP - Plakoglobin 

KD - Knock down 

KEGG - Kyoto Encyclopedia Gene and Genomes  

LGE - Late gadolinium enhancement  

LD ACM - Left dominant arrhythmogenic cardiomyopathy 

LEMD2 - LEM domain containing protein 2 

LMNA - Lamin A/C 

LOF - Loss of function 

LTBP2 - Latent transforming growth factor beta binding protein 2 

LV ACM – Left ventricular arrhythmogenic cardiomyopathy 
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LV EDV - Left ventricle end diastolic volume 

LV EF - Left ventricular ejection fraction 

LVNC - Left ventricular non compaction 

M - Male 

MAF - Minor allele frequency 

MAP1LC3A - Microtubule associated protein 1 light chain 3 alpha 

MAP1LC3B - Microtubule associated protein 1 light chain 3 beta 

MAPK10 - Mitogen-activated protein kinase 10 

MF - Molecular function 

MLPA - Multiplex ligation-dependent probe amplification  

MRI - Magnetic Resonance Imaging  

mRNA – Messenger RNA 

mtRNA - Mitochondrial RNA 

MYBPC3 - Myosin binding protein C  

MYL7 - Myosin light chain 7 

MYLK - Myosin light chain kinase 

NGS - Next generation sequencing 

NHLBI - National Heart Lung and Blood Institute 

NSVT - Non sustained ventricular tachycardia 

NTC - Negative control  

OCM - Obliterative cardiomyopathy 

ORA - Over representation analysis 

P 3 / 23 - Passage 3 / 23 

PAGE - SDS polyacrylamide gel electrophoresis  
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PARVB - Parvin beta 

PBS - Phosphate buffered saline 

PBST - PBS with 0.1% Tween 20  

PCR - Polymerase chain reaction 

PHI-1 - Protein phosphatase 1 regulatory inhibitor subunit 14B 

PI3K - Phosphoinositide 3-kinase  

PINCH - Particularly interesting new Cys-His protein 1 

PKP2 – Plakophilin-2 

PLAX - Parasternal long axis  

PLN - Phospholamban 

PM - Post mortem 

Polyphen-2 - Polymorphism Phenotyping 2 

PSAX - Parasternal short axis 

qPCR - Quantitative polymerase chain reaction   

RBBB - Right bundle branch block 

RCM - Restrictive cardiomyopathy  

rea - Reactome 

REC - Research Ethics Committee 

RIN - RNA integrity number 

RNA - Ribonucleic acid 

RNA-seq - RNA sequencing 

Rnase inhibitor - Ribonuclease inhibitor 

rRNA - Ribosomal ribonucleic acid 

RV - Right ventricle 
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RV EDV - Right ventricle end diastolic volume 

RVOT- Right ventricular outflow tract 

RyR2 - Cardiac ryanodine receptor 

SAECG - Signal averaged electrocardiogram 

SAP97 - Synapse associated protein 97 

SCD - Sudden cardiac death 

SCN5A - Voltage-gated sodium channel subunit alpha Nav 1.5 

SDS - Sodium dodecyl sulfate  

SIFT - Sorting Intolerant From Tolerant 

siRNA - Small interfering/silencing RNA 

SLE - Systemic lupus erythematosus 

SNP - Single nucleotide polymorphism 

SVT - Sustained ventricular tachycardia 

t - T ratio  

Tcf7l2/Tcf4 - Transcription factor 7 like 2  

TEMED - N,N,N’N’-tetramethyl-ethylenediamine   

TGF-beta3 - Transforming growth factor beta 3 

THBS4 - Thrombospondin 4 

TJP1 - Tight junction protein 1 

TMEM43 - Transmembrane protein 43 

tRNA - Transfer ribonucleic acid 

TTN - Titin 

Tuba1a - Tubulin alpha 1a 

TUBB3 - Tubulin beta 3 class III 
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YAP - Yes-associated protein 

VCL - Vinculin 

VE - Ventricular ectopics 

VEP - Variant Effect Predictor 

VQSLOD - Variant quality score log-odds 

VT - Ventricular tachycardia 

VUS - Variant of unknown significance 

WebGestalt - WEB-based Gene SeT AnaLysis Toolkit 

WES - Whole exome sequencing  

WGS - Whole genome sequencing  

WHO - World Health Organisation  

WT - Wild type 
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Chapter 1: Introduction 

1.1 Cardiomyopathy classification history 

 

Today cardiomyopathies are defined as diseases of the myocardium associated with cardiac 

dysfunction, arrhythmia, heart failure and sudden cardiac death (SCD)1, 2 but for decades 

myocardial disease was not well characterised and its aetiology was unclear. 

 

During the mid 1850s, chronic myocarditis was the only known and recognised cause of heart 

muscle disease. By the 1900s the term ‘primary myocardial disease’ was used and in 1957 

‘cardiomyopathy’ was introduced for the first time3. In 1968 the World Health Organisation 

(WHO) first defined cardiomyopathies as “diseases of different and often unknown aetiology 

in which the dominant feature is cardiomegaly and heart failure”3 and then as “heart muscle 

diseases of unknown cause”3, 4 in 1980.  

 

In 1995 the WHO and the International Society and Federation of Cardiology (ISFC) Task Force 

classified cardiomyopathies into two groups: primary cardiomyopathies and specific 

cardiomyopathies1.  The primary cardiomyopathy group was referred to as cardiomyopathy  

intrinsic to the myocardium, whereas the specific cardiomyopathy group was also known as 

secondary cardiomyopathies5. Table 1.1 shows examples of this classification process. 
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Table 1.1 – The World Health Organisation cardiomyopathy classification5. 

 

In 2006 the American Heart Association expert consensus panel defined cardiomyopathies as 

“…a heterogeneous group of diseases of the myocardium associated with mechanical and/or 

electrical dysfunction, which usually (but not invariably) exhibit inappropriate ventricular 

hypertrophy or dilation, due to a variety of aetiologies that frequently are genetic. 

Cardiomyopathies are either confined to the heart or are part of generalized systemic 

disorders, and often lead to cardiovascular death or progressive heart failure-related 

disability”3,4. Based on that cardiomyopathies are classified by the American Heart 

Association as either primary or secondary (Table 1.2)4.  

 

In 2008 the working group of the European Society of Cardiology modified the definition of 

cardiomyopathy to a myocardial disorder “…in which the heart muscle is structurally and 

functionally abnormal, in the absence of coronary artery disease, hypertension, valvular or 

congenital heart disease sufficient to cause the observed myocardial abnormality”6, 7. 

 

The disease entity was then subdivided on the basis of functional, morphological and 

haemodynamic characteristics into five phenotypes: Dilated Cardiomyopathy (DCM), 

Hypertrophic Cardiomyopathy (HCM), Restrictive Cardiomyopathy (RCM), Arrhythmogenic 
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Right Ventricular Cardiomyopathy (ARVC) and unclassified cardiomyopathies. They were then 

categorised further into inherited or non-inherited sub-groups2, 4, 7. Figure 1.1 shows a 

schematic diagram of the three main cardiomyopathy phenotypes8. 

Figure 1.1 – A schematic showing the three main cardiomyopathy phenotypes (from Lopes 

LR et al. 20148).  

Schematic depictions of a normal heart along with the three main cardiomyopathy 

phenotypes: arrythmogenic right ventricular cardiomyopathy with a slightly larger right 

ventricle, hypertrophic cardiomyopathy with hypertrophied ventricular muscles and dilated 

cardiomyopathy with traditionally dilated ventricles. 
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Table 1.2 - Classification of cardiomyopathies by the American Heart Association4. 
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1.2 Arrhythmogenic cardiomyopathy 

1.2.1 Background and diagnosis 

 

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is an inherited cardiac condition 

associated with arrhythmia and sudden death and the leading cause of SCD in those under 35 

years of age9. It has a prevalence of approximately 1:2500 to 1:5000 and a male 

predominance with an approximate ratio of 3:110, 7. 

 

The first description of the disorder was in the 18th century in the book ‘De Motu Cordis et 

Aneurysmatibus’ by Giovanni Maria Lancisi10 and in 1905 Osler described ‘parchment 

thinning’ of a man’s ventricular walls11. The first detailed clinical description of the condition 

was in 1982 in adults with ventricular tachyarrhythmias of left bundle branch block 

morphology and the epsilon wave was described as a feature of the disease in 198412, 13. It 

was initially believed to be a developmental condition of the right ventricle (dysplasia) and 

was given the term Arrhythmogenic Right Ventricular Dysplasia (ARVD)14. This, however, 

changed over the years to the current knowledge, a genetically determined cardiomyopathy, 

and the terms Arrhythmogenic Right Ventricular Cardiomyopathy or Arrhythmogenic Right 

Ventricular Cardiomyopathy/Dysplasia (ARVC/D) were proposed in the literature and are still 

being used indiscriminately15.  

Successive clinical studies have established that the disorder can also be present with isolated 

left ventricular and biventricular involvement1. This includes subtypes which are markedly 

distinct from the classic ARVC phenotype with solely RV presentation and led to the proposal 

for the use of the term Arrhythmogenic Cardiomyopathy (ACM) by Basso et al16 17. In 2019, 

the Heart Rhythm Society expert consensus statement was published on the evaluation, risk 
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stratification, and management of arrhythmogenic cardiomyopathy18. In this document, the 

disorder is defined as an arrhythmogenic disorder of the myocardium that incorporates a 

broad spectrum of genetic, systemic, infectious, and inflammatory disorders and use of the 

term “ACM” is now broadly adopted18. 

 

The clinical presentation of ACM can vary with sudden cardiac death presenting as a first or 

final sign. Presentation can be with palpitations, dizziness, syncope or paroxysmal 

tachycardia. The most common clinical diagnosis is based on symptomatic ventricular 

tachycardia with left bundle branch block morphology19 .   

 

ARVC is characterised by global or regional ventricular dysfunction caused by fibro fatty 

replacement of the myocardium which leads to conduction disturbances and arrhythmias1, 7, 

13. Typically fibrofatty replacement starts within the epicardium and develops toward the 

endocardium. Characteristic post mortem images of an explanted heart and histology slides 

displaying both fat and fibrous replacement are shown in Figure 1.220.  

 

There are four clinical-pathologic stages that are considered in ARVC. The first early stage, 

known as the ‘silent phase’ or ‘concealed phase’, often presents with sudden death, as 

ventricular arrhythmias occur with no structural abnormalities to the heart21. The next stage, 

‘the overt electrical disorder’ occurs when right ventricular arrhythmias are associated with 

structural abnormalities. This then leads on to the ‘phase of right ventricular failure’, with 

fibro-fatty substitution causing RV dysfunction. The fourth stage is ‘biventricular failure’, 

which can often be misidentified as dilated cardiomyopathy22. Campuzano et al. (2013) 

estimate that the left ventricle may be involved in up to 50% of ARVC cases23.  
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Figure 1.2 – Histology images of arrhythmogenic right ventricular cardiomyopathy in heart 

specimens obtained at post mortem, adapted from Calkins H (2013)20. 

- A. Explanted heart from post mortem with extensive fat replacing the right 

ventricle epicardium with a thin fibrotic endocardium.  

- B. Explanted heart from post mortem with extensive fat replacing the right 

ventricle wall. 

- C. Image shows fat replacement extending from epicardium to endocardium. 

- D. Image with trichrome staining showing fibrous tissue with fat tissue. 
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After several decades of studying the condition, ACM is still difficult to accurately diagnose. 

The diagnosis of ARVC, as the condition was known at the time, was first established using 

the criteria proposed by the international Task Force in 199422. The 1994 criteria were very 

specific but lacked the sensitivity to diagnose very early forms of ARVC. This first set of 

diagnostic criteria  did not consider family members that may present with a broader range 

of signs and symptoms, and therefore needed updating24. The Task Force criteria were then 

modified in 201013 and ARVC is diagnosed today as ‘Definite’, ‘Borderline’ or ‘Possible’. The 

presence of two major, one major and two minor, or four minor criteria from different 

categories is considered a ‘Definite’ diagnosis. One major and one minor, or 3 minor criteria 

from different categories is a ‘Borderline’ diagnosis. One major or 2 minor criteria from 

different categories is considered a ‘Possible’ diagnosis.  Table 1.3 shows the 2010 Task Force 

criteria sub-divided into major and minor according to their association with ARVC25. 

 

Table 1.3 – 2010 Task Force diagnostic criteria for ARVC25. 

 Major Minor 

Global or 

regional 

dysfunctional 

and structural 

alterations 

By 2D Echo 

• Regional RV akinesia, dyskinesia 

or aneurysm 

• And one of the following (end 

diastole): 

- PLAX RVOT ≥ 32mm (corrected 

for body size [PLAX/BSA] ≥ 19 

mm/m2) 

By 2D Echo 

• Regional RV akinesia or 

dyskinesia 

• And one of the following (end 

diastole): 

- PLAX RVOT ≥ 29 to < 32 mm 

(corrected for body size 

[PLAX/BSA] ≥16 to <19 mm/m2) 
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- PSAX RVOT ≥ 36MM 

(corrected for body size 

[PSAX/BSA] ≥ 21 mm/m2)  

- Or fractional area change 

≤33% 

By MRI 

• Regional RV akinesia or dyskinesia 

or dyskinesia or dyssynchronous 

RV contraction 

• And one of the following:  

- Ratio of RV end-diastolic volume 

to BSA ≥110 mL/m2 (male) or ≥ 

100mL/m2 (female) 

- Or RV ejection fraction ≤ 40% 

By RV angiography 

• Regional RV akinesia, dyskinesia, 

or aneurysm 

- PSAX RVOT ≥ 32 to 36 mm 

(corrected for body size 

[PSAX/BSA] ≥18 to <21 mm/m2) 

- Or fractional area change >33% 

to ≤ 40% 

By MRI 

• Regional RV akinesia or 

dyskinesia or dyssynchronous 

RV contraction 

• And one of the following: 

- Ratio of RV end-diastolic 

volume to BSA ≥ 100 to <110 

mL/m2 (male) or ≥90 to <100 

mL/m2 (female) 

- Or RV ejection fraction >40% to 

≤ 45% 

Tissue 

characterisation 

of wall 

• Residual myocytes < 60% by 

morphometric analysis (or <50% if 

estimated), with fibrous 

replacement of the RV free wall 

myocardium in ≥ 1 sample, with or 

• Residual myocytes 60-75% by 

morphometric analysis (or 50% 

to 65% if estimated) with 

fibrous replacement of the RV 

free wall myocardium in ≥ 1 

sample, with or without fatty 



 
 

 41 

without fatty replacement of 

tissue on endomyocardial biopsy 

replacement of tissue on 

endomyocardial biopsy 

Repolarisation 

abnormalities 

• Inverted T waves in right 

precordial leads (V1, V2 and V3) 

or beyond in individuals >14 years 

of age ( in the absence of 

complete right bundle-branch 

block QRS ≥120ms) 

• Inverted T waves in leads V1 

and V2 in individuals > 14 years 

of age (in the absence of 

complete right bundle branch 

block) or in V4, V5 or V6 

• Inverted T waves in leads V1 V2, 

V3 and V4 in individuals > 14 

years of age in the presence of 

complete bundle branch block 

Depolarisation 

conduction 

abnormalities 

• Epsilon wave in the right 

precordial leads V1 to V3 

• Late potentials by SAECG ≥ 1 of 

3 parameters in the absence of 

a QRS duration of ≥110ms on 

the standard ECG 

•  Filtered QRS duration (fQRS) 

≥114ms 

• Duration of terminal QRS < 

40uV (low-amplitude signal 

duration) ≥ 38ms 

• Root-mean-square voltage of 

terminal 40ms ≤ 20 µV 



 
 

 42 

• Terminal activation duration of 

QRS ≥ 55ms measured from the 

nadir of the S wave to the end 

of the QRS, including R, in V1, 

V2 or V3, in the absence of 

complete right bundle-branch 

block 

Arrhythmias • Non-sustained or sustained 

ventricular tachycardia of left 

bundle branch morphology with 

superior axis (negative or 

indeterminate QRS in leads II, III 

and aVF and positive in lead aVL) 

• Non-sustained or sustained 

ventricular tachycardia of RV 

outflow configuration, left 

bundle-branch block 

morphology with inferior axis 

(positive QRS in leads II, III and 

aVF and negative in lead aVL) or 

of unknown axis 

• >500 ventricular extra systoles 

per 24 hours (Holter) 

Family history • ARVC/D confirmed in a first-

degree relative who meets 

current Task Force criteria 

• ARVC/D confirmed pathologically 

at autopsy or surgery in a first-

degree relative 

• History of ARVC/D in a first-

degree relative in whom it is 

not possible or practical to 

determine whether the family 

member meets current Task 

Force criteria 
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• Identification of a pathogenic 

mutation categorised as 

associated or probably associated 

with ARVC/D in the patient under 

evaluation. 

• Premature sudden death (<35 

years of age) due to suspected 

ARVC/D in a first-degree 

relative 

• ARVC/D confirmed 

pathologically or by current 

Task Force Criteria in second-

degree relative 

 
ARVC/D - arrhythmogenic right ventricular cardiomyopathy / dysplasia; RV – right ventricle; PLAX– parasternal 
long axis; PSAX – parasternal short axis; RVOT- right ventricular outflow tract; BSA – Body size adjusted; SAECG 
– Signal averaged electrocardiogram; ECG – Electrocardiogram; ECHO- Echocardiogram; MRI – Magnetic 
Resonance Imaging  
 
 
Diagnosis and risk stratification in ACM patients and family members are still problematic. 

Sen-Chowdhry et al. (2010) describe how phenotypic heterogeneity within ACM, coupled with 

non-specific symptoms, still remains a clinical challenge9. Multiple modifying factors are 

thought to influence the diagnosis of ACM in a family. Penetrance within a family can be 

variable and incomplete affecting the likelihood of developing the disease. It is believed that 

environmental factors can also impact on the development of ACM and the chance of 

developing the disease has been shown to vary with age9. 

The management of ACM includes lifestyle changes, pharmacological treatment and more 

invasive surgical options, for example the implantable cardioverter defibrillator (ICD). Young 

competitive athletes with ACM are at a much higher risk of sudden death.  Compared to those 

that are not athletic, they have approximately a 5.4 fold increased risk of sudden cardiac 

death due to physical activity which is thought to accelerate the progression of ACM and 

cause exertion induced ventricular tachycardia (VT)9. Lifestyle advice includes avoiding 
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competitive sports and endurance training as well as remaining hydrated to avoid electrolyte 

imbalances9. Currently, there are no medical therapies that have been proven to modify the 

disease progression of ACM. Beta blockers are used with the aim of reducing ventricular 

arrhythmias and disease progression by inhibiting sympathetic activity.  For the treatment of 

sustained VT, however, an ICD is recommended and class III antiarrhythmic  medications such 

as sotalol and amiodarone are often used as adjunctive therapy13.  An ICD, however, does not 

come without its own problems. In patients who are at high risk, which includes those with 

previous cardiac arrest or unstable VT, the consequences of not having an ICD and any 

complications that an ICD may have, are outweighed by its benefits26. Many patients have no 

complications at all whilst others experience lead failure, infection and inappropriate 

shocks26. In addition, younger patients may need multiple generator replacements during 

their lifetime. All these factors are taken into consideration when clinicians decide the best 

management options. 

 

1.2.2 Molecular genetics of arrhythmogenic cardiomyopathy 

To date 18 genes have been implicated in ACM (Table 1.4), however, some reports were 

based on single families and no molecular studies were conducted to elucidate the 

mechanisms of pathogenesis of the reported variants, for example, alpha T-catenin and N-

cadherin27 28. Until recently, another gene, cardiac ryanodine receptor (RyR2), was listed as 

an ARVC locus but this gene is only associated with a distinct phenotype of polymorphic 

ventricular tachycardia29, or catecholamine-induced ventricular tachycardia. Therefore, RyR2 

is no longer considered to be an ARVC causing gene30. The majority of ACM patients carry a 

mutation in one of 5 genes coding for desmosomal proteins, hence the disorder is often 

referred to as ‘a disease of the desmosome’.  
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Table 1.4 – List of genes associated with ACM. 

GENE ENCODED PROTEIN INHERITANCE PREVALENCE 

% 

FIRST PUBLICATION AS ACM 

CAUSAL GENE 

JUP Plakoglobin Autosomal dominant / recessive <1
22

 
31

 

DSP Desmoplakin Autosomal dominant / recessive 10-15
22

 
32

 

PKP2 Plakophilin-2 Autosomal dominant / recessive 30-40
22

 
33

 

DSG2 Desmoglein-2 Autosomal dominant / recessive 3-8
22

 
34

 

DSC2 Desmocollin-2 Autosomal dominant / recessive 1-5
22

 
35

 

CTNNA3 Alpha T-catenin Autosomal dominant <1
30

 
27

 

DES Desmin Autosomal dominant <1
22

 
36

 

LMNA Lamin A/C Autosomal dominant <1
22

 
37

 

PLN Phospholamban Autosomal dominant <1
30

 
38

 

TGF-beta3 Transforming growth factor beta 3 Autosomal dominant <1
22

 
39

 

TMEM43 Transmembrane protein 43 Autosomal dominant <1
22

 
40

 

TTN Titin Autosomal dominant <1
22

 
41

 

CDH2 Cadherin-2 / N-cadherin Autosomal dominant <1
30

 
28

 

SCN5A Voltage-gated sodium channel subunit alpha Nav 1.5 Autosomal dominant <1
30

 to 2
42

 
43

 

FLNC Filamin C Autosomal dominant <1
30

 
44

 

ILK Integrin inked kinase Autosomal dominant <1
45

 
45

 

TJP1 Tight junction protein 1 Autosomal dominant <1
46

 
46

 

LEMD2 LEM domain containing protein 2 Autosomal recessive <1
47

 
47

 



 

 

 46 

Figure 1.3 – Diagram showing the desmosome and the five main desmosomal proteins 

implicated in ACM (from Medeiros-Domingo A et al. 201648). 

Cardiac desmosomes consist of five main adhesion proteins (plakoglobin, desmoplakin, 

plakophilin-2, desmoglein-2 and desmocollin-2) and their role is to provide mechanical 

attachment between neighbouring cardiomyocytes.  

 

The desmosome is a specialised intracellular junctional structure that is found in both cardiac 

and epithelial cells providing strength to the cells as well as participating in various signalling 

cascades9. Desmosomes are responsible for mechanical attachment between cells and are 

constructed from three different protein families: the desmosomal cadherins (DSG2, DSC2) 

armadillo proteins (JUP, PKP2) and plakins (DSP), the latter are associated with intermediate 

filaments49.  As shown in Figure 1.3, five major genes associated with ACM (JUP, DSC2, DSP, 

DSG2 and PKP2) encode key components of the desmosome48.  
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The desmosomes, together with the adherens junctions and the gap junctions, are the main 

components of the intercalated discs (IDs) which are specialised structures connecting 

adjacent cardiomyocytes. IDs allow the dissemination of the electrical signal throughout the 

heart muscle, in other words they facilitate synchronised contraction of the cardiac tissue. 

IDs also connect to the cytoskeleton and have a role in signalling pathways50.   

 

To date the majority of genetic variants that have been reported as causing ACM are 

autosomal dominant in their pattern of inheritance but there are also some very rare 

autosomal recessive variants. Of those, two variants in plakoglobin and desmoplakin are 

associated with syndromic phenotypes. In particular, a recessive JUP mutation (originally 

reported as Pk2157del2) causes a subset of ARVC called Naxos disease which is associated 

with palmoplantar keratosis, woolly hair and some typical cardiac features of ARVC31. An 

autosomal recessive variant in DSP (7901delG mutation in exon 24) causes Carvajal 

syndrome51. Carvajal syndrome is phenotypically similar to Naxos disease presenting with a 

cardiocutaneous phenotype characterised by woolly hair and keratoderma along with cardiac 

abnormalities51.  It is associated with left ventricular involvement, early morbidity and a 

cardiac clinical presentation similar to a DCM phenotype48 52.  

 

Over 120 pathogenic genetic variants in the PKP2 gene have so far been associated with 

ACM22,53 with nonsense and frameshift mutations being the most prevalent types of 

mutation. Approximately 30-40% of patients with ACM have a PKP2 mutation22. It is reported 

that compound heterozygosity in plakophillin-2 or double heterozygosity with one variant in 

plakophillin-2 and a second in another desmosomal gene may be required to cause ARVC 

symptoms or may result in more severe symptoms of the disease54.  
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As reviewed by Alcalde et al. (2015), DSP accounts for 10-15% of ACM mutations22 with over 

100 pathogenic variants identified so far in this gene, the vast majority of those being 

autosomal dominant53. 

 

Desmoglein-2 and desmocollin-2 are desmosomal cadherins, transmembrane molecules that 

work as adhesion structures as part of the desmosome through their cytoplasmic domains. 

The tail of a cadherin family member (DSG2 or DSC2) interacts with the armadillo family 

members (JUP and PKP2). This complex then associates with DSP (a plakin family member) 

which links with intermediate filaments. DSG2 accounts for 3-8% of ACM mutations and DSC2 

for 1-5%22. Approximately 50 pathogenic variants in DSG2 and DSC2 have been identified so 

far22,53.  

 

It is believed that in some cases two pathogenic desmosomal mutations may be needed to 

produce a phenotype. A ‘second hit’ can occur in two different genes (digenic heterozygosity) 

or in the same gene (compound heterozygosity)55, 56. This has led to the proposal of a multi–

hit hypothesis causing a more severe phenotype. Variants which have a relatively moderate 

effect in isolation can produce a more severe phenotype if they are present in combination 

in an individual15, 19.  To some extent, this hypothesis can explain the variable phenotypic 

expression seen in related individuals carrying the same mutation within a family. 

 

Non-desmosomal genes have also been associated with ACM in rare cases. Of those it is worth 

mentioning desmin and lamin A/C which are also causal genes of other types of human 

disease. Desmin (DES) is an intermediate filament protein within the cardiac cells which plays 

a vital role in the structure and signalling of the myocyte. It is fundamental for cytoskeletal 
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organisation and overall cardiomyocyte structure. As the protein is vital for normal function 

of skeletal muscle, patients with a desmin mutation and ACM  frequently have a myopathy 

disorder such as a skeletal muscle disorder36. 

 

The lamin A/C (LMNA) gene encodes for lamin A and lamin C by alternative splicing. These are 

intermediate filament proteins and are involved in the construction of the nuclear envelope22, 

37. Mutations in LMNA produce a group of disorders termed laminopathies which include 

cardiac problems such as conduction system defects and DCM. They can also present with 

muscular dystrophy, peripheral neuropathies, lipodystrophies and premature ageing 

syndromes37. 

 

A missense mutation, p.S358L, in TMEM43 was identified as a founder mutation on the island 

of Newfoundland, Canada with co-segregation occurring in 15 families with ARVC 40. TMEM43 

encodes the protein LUMA, a nuclear protein which forms a complex with lamin A/C and 

emerin57, 58. 

 

New genes that have recently been associated with ACM include CDH2, SCN5A, ILK and TJP1.  

CDH2 which encodes N-cadherin is an adherens junction molecule. It is normally associated 

with cell-cell adhesions connecting with alpha and beta catenin 42. Mutations associated with 

CDH2 causing ACM were identified in 201742.  

SCN5A encodes the voltage-gated sodium channel subunit alpha Nav 1. Mutations in this gene 

have been identified not only in ACM but also Brugada syndrome, DCM and atrial fibrillation42. 

It is thought that PKP2 is associated with SCN5A and that a decrease in PKP2 changes the 

amplitude of the sodium current potentially leading to arrhythmias42. Integrin linked kinase 
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(ILK) is a serine/threonine protein kinase that is involved in cell matrix interactions and 

cytoskeleton remodelling. It has been known that in animal models ablation of ILK results in 

cardiomyopathy59 and early in 2019, Bodehl et al identified ILK mutations in two families with 

ACM45.  

Two variants in TJP1 were identified by De Bortoli et al. (2018) by whole exome sequencing 

in patients with ACM and DCM with recurrent VT46. This gene encodes tight junction (zona 

occludens) protein 1 which is an intercalated disc protein that interacts with gap junctions. 

The mechanism by which mutations in this gene may cause ACM remains unknown 46. The 

most recent gene implicated in ACM is LEM domain containing protein 2 (LEMD2); a recessive 

missense change in this gene has been detected in two consanguineous pedigrees with a form 

of arrhythmic cardiomyopathy and bilateral juvenile cataract47.  

Work in this thesis identified filamin C (FLNC) mutations in patients with ACM and 

concurrently this gene was associated with arrhythmogenic forms of DCM as well as more 

recently with ACM in other publications44 60.  

Filamin C gamma (FLNC) is expressed in striated muscle where it interacts with the actin 

cytoskeleton and is thought to work within the sarcomere providing stability and signalling 

functions61. As well as being associated with neurological myopathies, FLNC has been 

associated with cardiomyopathies, namely familial hypertrophic cardiomyopathy62, 

restrictive cardiomyopathy63, dilated cardiomyopathy64 and more recently an 

arrhythmogenic form of DCM44 60.  

FLNC has been found to localise at the Z band and intercalated disc. It is involved in cell 

adhesion and in the stability of muscle cells due to its connection with the extracellular 

matrix and it is thought it also has signalling functions, although the true function of FLNC is 

still debated and under investigation65, 66. 
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Other genes identified in this thesis include the gene encoding the mitochondrial GTP binding 

protein 3 (GTPBP3) and vinculin (VCL). GTPBP3 is implicated in the modification of 

mitochondrial tRNA67 68 and the majority of individuals with mutations develop neurological 

signs. However, it has also been identified to cause hypertrophic cardiomyopathy68. In 

relation to cardiomyopathy it is a mitochondrial translational defect that appears to occur 

with GTPBP3 mutations which has been linked with HCM, lactic acidosis and 

encephalopathy69, 68.  

Vinculin is a costameric protein found at adherens junctions and in focal adhesions and is 

involved in connecting the actin cytoskeleton to the sarcolemma70 71. Disruption of costameric 

proteins and adhesion junctions is thought to be the cause of myocardial remodelling which 

affects cardiac function in cardiomyopathy as the connection between the actin cytoskeleton 

and extracellular matrix becomes disrupted71.  

VCL variants have been previously associated with HCM, DCM and RCM72-74.  

It is estimated that up to 60% of ACM patients have a mutation in the known ACM genes22. 

The remaining could be phenocopies, harbour mutations in novel, yet unidentified, genes or 

carry copy number variants (CNVs) in the form of large deletions/duplications. Copy number 

variants would not normally be identified during routine genetic screening unless specifically 

analysed75, 76. Copy number variants associated with ACM have been identified in PKP2 (large 

deletions)75, 77 and DSC2 and DSG278. In other cardiomyopathies, causative CNVs in BCL2 

associated athanogene 3 (BAG3) and LMNA have been reported in DCM79, 80 and Meyer et al 

detected a large duplication in the myosin binding protein C (MYBPC3) gene causing HCM81.  
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1.2.3 Pathological mechanisms underlying the development of arrhythmogenic 

cardiomyopathy 

The precise mechanisms by which gene mutations contribute to the pathogenesis of 

ARVC/ACM are still being investigated and various theories exist on the pathological 

mechanisms underlying the disorder. One theory for the development of cardiac dysfunction 

in ACM, as shown in Figure 1.4, involves the disruption of normal desmosome function as cell 

to cell attachment structures.  Weakening of this myocyte to myocyte attachment (as a result 

of a mutation) would ultimately result in impaired transmission of the contractile force and 

consequently cardiac dysfunction49, 82. This theory is thoroughly described in a review by 

Zhang et al83. 

 

Another theory involves apoptosis. Que et al. (2015) suggest that either an absence of anti-

apoptotic mechanisms or abnormal apoptotic signals could lead to abnormal loss of 

myocytes. The vacant spaces left by dead cardiac cells could then be filled by adipocytes, 

fibrocytes or a mixture of both cell types52. 

 

The canonical Wnt/b catenin signalling pathway has been identified to play a role in the 

pathogenesis of ARVC84. It is thought that desmosomal gene mutations may contribute to the 

pathogenesis of ARVC/ACM by suppressing this key signalling pathway. As shown in Figure 

1.4, desmosomal mutations allow plakoglobin to freely translocate from the plasma 

membrane to the nucleus where it competes with b catenin for binding to transcription factor 

7 like 2 (Tcf7l2/Tcf4). Plakoglobin and b catenin have different functional effects after binding 

to Tcf7l2/Tcf4: whilst b catenin activates gene transcription, plakoglobin supresses 

transcription, ultimately supressing the canonical Wnt signalling. It is believed this process 
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leads to adipogenesis because suppression of the Wnt pathway increases bone morphogenic 

protein7 (BMP7) and Wnt5b (known promoters of adipogenesis) and also reduces connective 

tissue growth factor (CTGF, an inhibitor of adipogenesis)52, 82 85.  

 

Another theory for the origin of excess adipocytes in the pathogenesis of ARVC/ACM is that 

cardiac progenitor cells that express desmosome proteins may directly differentiate to 

adipocytes due to suppressed canonical Wnt signalling. According to this hypothesis, nuclear 

plakoglobin causes a switch  from myogenesis to adipogenesis  in second heart field 

progenitor cells, providing a basis for enhanced adipogenesis and thus cardiac dysfunction 82. 

 

 

Figure 1.4 – Proposed molecular pathways implicated in arrhythmogenic cardiomyopathy. 

Diagram showing the proposed molecular changes that occur at the desmosome, gap 

junctions and ion channels at the intercalated disc between A. normal and B. ACM 

cardiomyocytes.  

ACM pathogenesis is thought to involve remodelling of desmosomal proteins, gap junctions 

and ion channels at the intercalated as well as aberrant signalling pathways. Note that 

dysregulated signalling pathways in affected cardiomyocytes result in an increase in apoptosis 

and adipogenesis in ACM through suppression of the Wnt and YAP signalling pathways 

respectivelly. (Modified from: Edgar T. Hoorntje et al, 201715 85)  



 
 

 54 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Normal 



 
 

 55 
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1.3 – Dilated cardiomyopathy 

  

Dilated cardiomyopathy is characterised by systolic contractile dysfunction of either the left, 

right or both ventricles along with a dilated ventricular cavity and a normal LV wall thickness. 

Clinically DCM leads to progressive heart failure and can cause ventricular and 

supraventricular arrhythmias as well as conduction system abnormalities resulting in SCD and 

heart failure related deaths. Approximately 50% of DCM cases known are idiopathic. It has an 

incidence of approximately 5-8 cases per 100,000 per year and a prevalence of 1:2500. It is 

estimated that inherited DCM accounts for approximately 20-35% of DCM cases2, 3, 86, 87. 

 

Familial DCM mainly consists of autosomal dominant forms with a male: female ratio of 1.5:1. 

These are caused by mutations in large number of diverse genes, mainly encoding nuclear 

membrane, intercalated disc, sarcomeric and Z band proteins and the cytoskeleton. There are 

also some familial cases that are caused by autosomal recessive, or X linked recessive traits 

associated with mitochondrial disease, inherited metabolic disorders and muscular 

dystrophies7, 87. Currently over 40 genes have been implicated in the development of DCM88,4. 

There is a genetic overlap between DCM and HCM, especially involving genes that encode 

sarcomeric proteins such as beta myosin heavy chain, myosin binding protein C and Z disc 

proteins87. 

TTN is currently the most frequently mutated gene in DCM with a prevalence of 

approximately 20-25% 88. 
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1.4 Genotype / phenotype overlap of ACM and DCM 

 

Clinically cardiomyopathies are often complicated, difficult to diagnose and different 

subtypes can overlap phenotypically. In DCM there is a subset of patients that can present 

with ventricular arrhythmias 18. This would be considered as a risk factor for sudden death 

more commonly in ACM than in patients with a typical DCM presentation89. Features of DCM 

have also been found in both Naxos and Carvajal syndromes, two disorders caused by 

autosomal recessive desmosomal mutations. Desmosomal mutations, a common cause of 

ACM, have also been identified in DCM and in other pathologies83. A study by Elliott et al 

(2010) identified 5% of patients with idiopathic DCM to have mutations in desmosomal genes, 

again highlighting a phenotypic as well as genetic overlap between these two conditions90. 

Although the incidence of desmosomal mutations in DCM is less common than in ACM, it is 

still unclear whether there is a subset of DCM patients whose phenotype may resemble ACM 

or whether desmosomal mutations are not as specific to ACM as previous literature has 

suggested83. Other phenotypic variants of DCM include arrhythmogenic forms of disease and 

recent studies reported FLNC mutations in both DCM and left dominant ACM confirming a 

strong overlap between the clinical presentation and genetics of ACM and DCM 44, 60. 

 

1.5 – Whole exome sequencing as a tool for discovery of novel variants/genes 

 

Studies have estimated that only up to 60% of ACM patients carry a pathogenic variant in the 

known causal ACM genes 22 54. The remaining patients currently have no identified genetic 

cause of the disorder which leads to the suggestion that novel genes may be involved in this 

population of patients. In the past, the candidate gene approach has been successfully 
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employed to identify new causal ACM genes33 34. Recently, with the emergence of next 

generation sequencing (NGS) techniques, it has become possible to sequence the entire 

human exome (the protein coding genes in the genome) using whole exome sequencing 

(WES)91.  

To date WES has been extensively used to discover new genes in Mendelian disorders92. For 

disorders such as ACM, characterised by incomplete phenotypic expression and variable 

penetrance, WES is useful when genetic data is available from multiple families with a 

relatively low number of affected individuals93. In addition, WES data can also be used for 

gene burden test analysis between unrelated individuals and control subjects, a different 

approach aiming to identify new causal gene variants94. For these reasons, WES has been 

selected as the most appropriate method to investigate ACM in this study. 

However, analysis and interpretation of the vast amount of data WES generates can be a 

major challenge95. To tackle this problem two main approaches to analysing WES data have 

been implemented in this thesis:  segregation analysis in pedigrees and gene burden test 

analysis. A detailed overview of these methods is provided in Chapter 3. 

 

1.6  Hypothesis and Aims 

 

1.6.1 Hypothesis 

This study investigates a cohort of ACM patients who are gene negative for all major genes 

associated with cardiomyopathy, arrhythmia and heart failure syndromes. The hypothesis is 

that disease in these patients is caused by mutations in novel, yet unidentified genes, or 

known cardiovascular genes not currently associated with ACM. Such genes can be identified 

by performing WES on this cohort. 
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1.6.2 Aims 

 

1. Identify novel candidate genes associated with ACM by exome sequencing and 

perform family segregation studies. 

 

2. Identify rare genetic variants (minor allele frequency [MAF] <0.001) in known and new 

genes and attempt to determine their contribution to phenotypic heterogeneity and 

patterns of disease expression in arrhythmogenic cardiomyopathy. 

 

3. Elucidate possible mechanisms by which mutations in identified novel genes underlie 

ACM. 
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Chapter 2: Materials and Methods 

2.1 Case and control cohorts 

 

Patient cases were from the department of Cardiology at University College London Hospitals 

and St. Bartholomews Hospital Trusts, London UK.   Human tissue was obtained to investigate 

the identified novel genes via a collaboration with Dr Juan Ramon Gimeno and a Spanish 

pathology consortium. Control material was also obtained for comparison from the Instituto 

de Medicina Legal y Ciencias Forenses de Murcia (IML Murcia), Spain and the department of 

Cardiology at St George's University Hospital NHS Foundation Trust, London, UK. 

The ExAC and gnomAD databases were used to compare information on identified variants 

to large control cohorts to determine their frequency and likely impact. 

 

2.2 DNA extraction 

 

DNA was extracted from whole blood collected in 4ml tubes containing the anticoagulation 

agent EDTA using the Qiagen QIAamp Midi Kit and following the protocol from the QIAamp 

DNA Blood Midi Handbook (version 06/2012).  

DNA was extracted from formalin fixed paraffin-embedded tissue (FFPE) and frozen post 

mortem tissue following the protocol from the QIAamp DNA Mini and Blood Mini Handbook 

(version 06/2012).  

 DNA was extracted from saliva collected with the Oragene OG-500 collection kit following 

the Oragene DNA/saliva (PD-PR-015 Issue 10/2015-01) DNA Genotek Inc protocol guidelines 
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(adapted by using AE buffer [10mM Tris-Cl, 0.5mM EDTA; pH 9.0], in place of TE buffer [10mM 

Tris-HCl, 1mM EDTA, pH 8.0 or greater] for DNA storage buffer). 

 

2.3 Whole exome sequencing library preparation 

 

The quality and quantity of DNA was assessed by the Qubit Fluorometer (Invitrogen). 

Genomic DNA samples (3µg with an OD 260/280 ratio ranging from 1.8 to 2.0) were sheared 

to 100-400bp fragments using the Covaris E220 instrument. The sheared DNA was subjected 

to sample preparation as per the protocol recommended for the Agilent SureSelectXT Target 

Enrichment for Illumina paired-end multiplexed sequencing method. Targeted exonic regions 

were captured using the Agilent SureSelectXT Human Exon V5 following the manufacturer’s 

protocol (#5190-6209). Sample preparation prior to sequencing is described in the flow chart 

in Figure 2.1.  

Exome capture was performed by a liquid phase hybridisation method, explained by a 

diagram adapted from Teer & Mullikin (2010) in Figure 2.2. Firstly, the fragmented DNA was 

hybridised with biotinylated bait probes in solution. Streptavidin beads, were then used to 

separate these bait probes as a bead-bait complex and then washed away, followed by the 

capturing / elution of the DNA fragments. 

The enriched libraries were exome sequenced on the Illumina NextSeq500 platform as paired-

end 75 base reads at a minimum of 30x coverage following standard manufacturer’s 

protocols.  
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Figure 2.1 – DNA library preparation for whole exome sequencing. 

Flow chart showing the steps involved in the prepration of DNA samples for WES using the 

SureSelectXT Target Enrichment System for Illumina Paired-End Sequencing Library Protocol 

(version B.1, December 2014, Agilent Technologies.) 
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Figure 2.2 - Diagram showing the in-solution sequence capture hybridisation method 

(adapted from Teer & Mullikin, 2010)96. 

Genomic DNA fragments are shown in red and blue. Biotinylated bait probes are represented 

as blue / black hashed boxes with an asterix and streptavidin beads are depicted as black 

circles. 
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2.4 Bioinformatics analysis of WES data – Initial steps 

Initial bioinformatics analysis was completed by Drs M. Futema and A. Pittman who 

developed an in-house dedicated analysis pipeline for this purpose. In more detail, the paired-

end sequence reads were aligned with NovoAlign (Novocraft Technologies Sdn Bhd) against 

the reference human genome (UCSC hg19). Duplicate read removal, format conversion, and 

indexing were performed with Picard (http://picard.sourceforge.net/). The Genome Analysis 

Toolkit (GATK; https://www.broadinstitute.org/gatk/) was used to recalibrate base quality 

scores and to perform local realignments around possible indels. The HaplotypeCaller 3.1 

package in GATK was used to call variants and to generate a multi-sample joint genotyping. 

Variants were annotated using ANNOVAR software97 and the Variant Effect Predictor (VEP) 

tool from Ensembl98. Pathogenicity of the identified missense variants was predicted using 

the following bioinformatics tools: HumVar-trained PolyPhen-2 model99 , SIFT100 and 

Mutation Taster101. Variants were also annotated with frequencies as reported in large 

sequencing studies, including the 1000 Genomes Project (http://www.1000genomes.org) and 

the NHLBI Grand Opportunity Exome Sequencing Project 

(https://esp.gs.washington.edu/drupal/). 

 

2.5 Control population – ExAC (Exome Aggregation Consortium) database102 

The ExAC database cohorts were used as the control population for this study 

(http://exac.broadinstitute.org/). This is a reference data set that consists of sequenced data 

from 60,706 ethnically diverse individuals. Patients affected by severe paediatric illness have 

been removed from the dataset. The raw data was then re-processed using the same pipeline 

and underwent joint variant calling so as to increase regularity for the whole dataset102. 
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2.6 The gnomAD database 

The gnomAD database contains genetic data from 123,136 unrelated individuals sequenced 

by whole exome sequencing and 15,496 unrelated individuals sequenced by whole genome 

sequencing (http://gnomad.broadinstitute.org/about)102 and was made available by the 

Genome Aggregation Database (gnomAD) investigators in early 2017. It is the largest and 

most comprehensive publicly available population dataset to date103. 

As the gnomAD database was released part way through the analysis process of this study, 

the ExAC database was maintained as the control population despite the gnomAD dataset 

being larger. However, frequencies of identified variants were indeed compared to the 

gnomAD database.  

 

2.7 Filtering of variants 

Identified variants were initially filtered by call quality using the variant quality score log-odds 

(VQSLOD) measure to standardise the data with the control dataset. Variants with a minor 

allele frequency (MAF) higher or equal to 0.001 (0.1%) in the publicly available large databases 

1000 Genomes (www.1000genomes.org/), ESP 6500 (NHLBI Exome Sequencing project; 

http://evs.gs.washington.edu.EVS/) and ExAC (http://exac.broadinstitute.org/) were 

removed from further analysis.  A MAF cut-off of 0.001 was selected to define the variants as 

rare (MAF < 0.001) or novel (MAF = 0). This particular value, as reviewed by Bamshad et al. 

(2011), is useful for dominant disorders as the prevalence of rare diseases is commonly below 

this, for example in ACM the prevalence is 1 in 2500 to 1 in 500010, 104. It is generally a relaxed 

value as it allows for a disease prevalence of 1 in 500 people (1 in 1000 alleles) and a higher 

frequency of the disease than the previously estimated prevalence, so as not to eliminate any 
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data at this early stage. It is likely that if a stricter value had been selected important variants 

could have been filtered out. Variants were also filtered according to location so that intronic 

variants outside of coding and splice regions were also removed. The remaining variants were 

then filtered according to function so that variants that were likely to result in a loss-of-

function (stop gain, frameshift deletion or insertion), non-synonymous or those altering 

splicing were prioritised. Variants were then analysed together using a gene burden test for 

the entire exome as well as being divided into genes previously associated with cardiovascular 

disease to allow a gene burden test for candidate cardiovascular genes. The gene burden test 

indicates if any of the tested genes are enriched for rare or novel variants in cases versus 

controls. A total of 474 genes were considered as cardiovascular genes. This list included all 

genes previously associated with cardiovascular disease in humans as well as a number of 

genes highly expressed in the heart which potentially represent positional and functional 

candidates for ACM (Table 2.1) 

Family analysis was also carried out when feasible and potential variants identified by WES 

were confirmed by Sanger DNA sequencing. The flow diagram in Figure 2.3 shows the variant 

filtering workflow and analysis process. 
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Figure 2.3. Whole exome sequencing variant filtering workflow (red line frame) and analysis 

(purple box). 

Variant filtering process used for WES data analysis. VQSLOD, variant quality score log-odds; 

MAF, minor allele frequency; 1000G, 1000 Genomes project; ExAC, Exome Aggregation 

Consortium; LOF, loss of function. 

 

2.8   Literature search for compiling a list of cardiovascular genes for bioinformatic analysis. 

Pubmed was searched for papers to identifiy genes associated with cardiomyopathy or heart 

related conditions using the following terms: Cardiovascular or heart or cardiac Disease, 

Cardiomyopathy, Arrhythmia, Gene, Polymorphism or Mutation, Animal Model. Publications 

were manually curated and a list of genes was compiled. Gene cards: The Human Gene 

Database (genecards.org) was also searched for the following terms: Heart, Cardiovascular or 

Heart or Cardiac Disease, Cardiomyopathy and Arrhythmia. The purpose of these searches 

was to identify genes known to be expressed in the heart or those known to be involved in 
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cardiac disease. A combined final list was then produced and used for bioinformatic analysis 

of WES data. 

 

2.9 Family analysis 

Families screened by WES underwent pedigree and co-segregation analysis. Variants were 

filtered using the variant filtering pipeline shown in Figure 2.3 in Materials and Methods 

(Chapter 2). Variants were further filtered to obtain those that were common between 

affected family members and not present in non-affected family members.  Non-synonymous 

variants identified were then filtered further using in silico mutation prediction tools (namely 

SIFT100, PolyPhen-299, Mutation Taster101) to select variants that are predicted to be 

‘pathogenic’. All candidate variants were confirmed by Sanger DNA sequencing and, if 

possible, samples from additional family members were collected to strengthen the co-

segregation studies. 

 

2.10 Gene burden analysis 

Analysis of rare and novel variants identified in the ACM cohort was performed by gene 

burden analysis. This was carried out separately on the population of variants as a whole and 

on a subset of 474 cardiovascular genes. This subset of cardiovascular genes was selected 

based on their known involvement in cardiovascular disease or high expression levels found 

in cardiac tissue. These genes can be found in Table 2.1 in Materials and Methods (Chapter 

2). The gene burden analysis involves counting the rare and novel variants in the disease 

cohort and the control population per gene and applying a statistical test, in this case the 

binomial test for the difference. The p value produced can then be corrected for multiple 
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testing by a Bonferroni correction for 20,000 independent tests.  This produces a significance 

threshold for the p value of 2.5 x10-6 per gene94. 

The gene burden test increases the power of detecting any association compared to single 

variant tests but this depends upon the number of associated variants, the number of neutral 

variants diluting the signal and the direction of the effect of the associated gene. The gene 

burden test assumes that all functional variants influence traits in the same direction which 

is one of its limitations. The R script used for the gene burden test can be found at 

https://github.com/charlotte86/PhD_Scripts/blob/master/Gene%20burden%20script.txt. 

 

2.11 Copy Number Variants (CNVs) 

The code described by Plagnol et al. (2012) to detect copy number variants using WES data 

was incorporated into the R package called ExomeDepth for R (available from the 

Comprehensive R Archive Network, CRAN). This was used to call CNVs in the ACM proband 

cohort76. The algorithm compares the read count per exon from multiple exome sequenced 

samples. It builds a reference set from the data which increases the detection power of CNVs. 

The package uses the February 2009 human genome reference sequence (GRCh37 or hg19) 

for exon annotations.  

CNV calling was completed in batches as the sequenced samples were divided according to 

their preparation group. Therefore, to ensure consistency of the variant calling methods, CNV 

calling was completed using BAM files of the samples whose library preparation was 

completed at the same time under the same conditions. Common CNVs were annotated using 

published data from Conrad et al. (2010)105. CNVs called by Exome Depth can be displayed in 

a graph showing the ratio between observed and expected read depth along with 95% 
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confidence interval for each batch of samples. A ratio of observed to expected reads of 1.5 

would imply a heterozygous duplication. A ratio of observed to expected reads above 2.0 

would suggest a homozygous duplication. Deletions are characterised by a ratio less than 

0.576. 

The R script used can be found at 

https://github.com/charlotte86/PhD_Scripts/blob/master/CNVs.md 

 

2.12 In silico mutation prediction tools 

2.12.1 SIFT – Sorting Intolerant From Tolerant 

SIFT is a freely accessible programme at http://sift.jcvi.org/.  SIFT performs an evaluation of 

the amino acid sequence of a protein and predicts whether an amino acid change will affect 

its function. It assumes that important amino acids within a protein family are evolutionary 

conserved and therefore any changes that occur in these regions are likely to be damaging to 

protein function. It also takes into consideration the hydrophobic/hydrophilic nature of amino 

acids and highlights whether that has been affected by an amino acid substitution at a given 

position. If the amino acid substitution is to an amino acid with the same characteristics this 

may be acceptable but if, for example, a hydrophobic amino acid is replaced with a hydrophilic 

amino acid, this would also be labelled as not tolerated. The same would happen with charged 

or polar amino acids100.  
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2.12.2 Polyphen– 2 – Polymorphism Phenotyping 2 

Polyphen-2 can be accessed at http://genetics.bwh.harvard.edu/pph2/. Polyphen-2 predicts 

the possible impact of an amino acid substitution by using an algorithm that takes into 

consideration the structure and function of a human protein using both sequence and 

structural features. The algorithm classifies variants as benign, possibly damaging and 

probably damaging99.   

 

2.12.3 Mutation Taster 

Mutation Taster is a free web based programme available at http:// 

www.mutationtaster.org/.  It allows the user to identify the disease potential of DNA 

sequence alterations.  The programme can choose 3 different prediction models depending 

on the type of variant entered either silent/intronic, affecting one amino acid, or those 

affecting multiple amino acids. This software, however, cannot  analyse insertions or 

deletions greater than 12 base pairs or those that extend the intron/exon border101. 

 

2.12.4 Splice site prediction tools 

Variants located in exon-intron boundaries were evaluated with three freely available online 

programmes, namely Human Splicing Finder (HSF; http://www.umd.be/HSF/)106, NetGene2 

(http://www.cbs.dtu.dk/services/NetGene2/ )107 108 and Berkeley Drosophila Genome project 

(BDGP; www.fruitfly.org/seq_tools/splice.html)109. These tools utilise a number of different 

algorithms and combine information on splicing motifs to identify and predict the effect of 

variants on exon splicing and as a consequence their output may vary. 
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2.12.5 Variant pathogenicity prediction 

In 2015 the American College of Medical Genetics and Genomics (ACMG) and the Association 

for Molecular Pathology (AMP) jointly (ACMG-AMP) published guidelines for the 

interpretation of human genetic variants110. So that variants identified in this work were 

classified based on these recommendations, single nucleotide substitutions (missense and 

termination variants) were evaluated using InterVar which is a freely available bioinformatic 

tool (http://wintervar.wglab.org/) utilising the ACMG-AMP classification to clinically interpret 

genetic variants. InterVar classifies variants as either ‘Benign’, ‘Likely Benign’, ‘Uncertain 

Significance’, ‘Likely Pathogenic’ or ‘Pathogenic ’ 110 111. 

Larger deletions causing frameshifts identified in ACM candidate genes were evaluated using 

the online genetic variant interpretation tool developed by the University of Maryland 

(https://www.medschool.umaryland.edu/Genetic_Variant_Interpretation_Tool1.html/)112. 

Predictions generated by this programme are based on the published ACMG-AMP guidelines 

too110 112. 

 

2.13 Integrative Genome Viewer (IGV) 

IGV is available at http://www.broadinstitute.org/igv./. This tool is used for the visualisation 

of exonic data sets using BAM files. It allows each sample to be analysed to determine 

whether a variant is a genuine call by examining the reads. They can be analysed based on 

the read depth / coverage and also checked for bias in the forward or reverse lead direction. 

With multiple screens available in the programme it also allows for different samples to be 

compared visually to confirm the same variant has been identified in all samples113, 114.  
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2.14 Polymerase Chain Reaction (PCR) 

Polymerase Chain Reaction (PCR) experiments were performed using standard protocols. For 

each PCR the following products were used: 10x PCR buffer II (Applied Biosystems), dNTP mix 

(1µl containing 2.5mM dATP, dGTP dCTP and dTTP, Invitrogen), 2.5mM MgCl2 (Applied 

Biosystems), forward and reverse primers (Sigma Aldrich), AmpliTag Gold Polymerase 

(Applied Biosystems) and distilled water. A total volume of 25µl for each PCR reaction was 

maintained including 0.5-2µl genomic DNA template (20-40ng/µl).  

A typical PCR programme consists of the following steps:  

960C, 10 minutes 

960C, 30 seconds  

*0C, 1 minute   35 cycles 

720C, 1 minute 

720C, 7 minutes 

40C, hold 

*represents the annealing temperature which varies between PCRs. Gradient PCRs using 

temperatures ranging between 60-700C were used to identify the optimum temperature for 

each amplification. 

In some cases, GC rich PCR products were amplified using the GC-RICH PCR system kit (Roche). 

For each of these reactions the following products were used: GC-rich 5x concentration PCR 

reaction buffer (Roche), dNTP mix (1µl containing 2.5mM dATP, dGTP dCTP and dTTP, 

Invitrogen), GC-rich 5M resolution solution (Roche), GC –rich system enzyme mix (Roche) and 
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forward and reverse primers (Sigma Aldrich). A total volume of 25µl for each PCR reaction 

was maintained including 0.5-2µl genomic DNA template (20-40ng/µl). 

A typical GC rich PCR programme consists of the following steps: 

950C, 3 minutes 

950C, 30 seconds  

*0C, 30 seconds   30 cycles 

720C, 45 seconds 

720C, 7 minutes 

40C, hold 

*represents the annealing temperature which varies between PCRs. 

PCR primer sequences for individual amplicons are shown in Table 2.2. 

 

2.15 Agarose gel electrophoresis 

PCR products were electrophoresed on 2% agarose gels. These were prepared by using 

agarose powder (Sigma Aldrich) and 1% Tris Borate EDTA buffer (TBE, Sigma Aldrich) and 10µl 

Gel Red (Biotium). PCR product (5µl) was mixed with 1µl 6x loading dye solution (Fermentas) 

and loaded onto the gel along with 2µl of Gene RulerTM DNA ladder Mix (Fermentas) for 

reference. The voltage was set to 120 Volts for approximately 40 minutes depending on the 

size of the DNA fragments. 
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2.16 Sanger DNA Sequencing 

PCR products were purified following the Illustra ExoProStar kit protocol (GE Healthcare Life 

Sciences). The products were then subjected to the sequencing reaction using the BigDye 

version 3.1 Terminator Cycle Sequencing kit and protocol (Applied Biosystems). A final 

purification of sequencing reaction samples was carried out following the BigDye XTerminator 

method and protocol (Applied Biosystems). The samples were then sequenced on an ABI 

3130xl genetic analyser (Applied Biosystems). 
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Table 2.1 – PCR primer sequences used for confirmation of identified variants. 

 

(GC), amplified with the use of the GC-RICH PCR system kit (Roche).   

 

 

 

 

Gene Exon F primer 5'-3' R primer 5'-3' Annealing Temperature 
FLNC 20 ATA GCA GTA AGT GGG GCA AGA GC CGA AGT CAT CCG CAC ATC CAG TT 600C 
FLNC 9 TTA GAA GGA CTG TGC ACA GGG CCA CTG GCC ATA CTT CCC TTA T 620C 
FLNC 27 CTATGGGGAGGACTCTGGCT GTTCTGGAGGGGCTTTGAGG 640C 
FLNC 1 GAAGTTGGAGAGGAGAGCAGC CTCCGCCCTGTCTCTCAG 620C (GC) 
FLNC 43 CAGGGCACATCGTCTGTCAT ATTCTCGTGGGGGATGAAGC 620C 
FLNC 41 AGGAGGAATCCCAGTGTTGC ACCCAGTCTGGAAGGTCAGG 640C 
FLNC 36-37 GTGTCTGTTGAGTCCAGGGG TCTCTGGGGCAGGAGGTAC 640C 
FLNC 33-34 AATCCCTGATGCTGACCCAG CTCACACCTTGAAGGGCCTC 620C (GC) 
FLNC 14 CTTGAGTCAGGCTCCCAGG AGGGACAACAGGGACTCCAG 620C 

GTPBP3 2 TTCGGCCTTCAGAACATCC GAACCTGGGGACCCTCA 650C 
VCL 8 CCTTGGTGAATGAAATGACTTG CACTACTGCTCTGTAAGGAC 640C 
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2.17  Clinical Evaluation 

Patients were clinically evaluated according to 2010 Task Force diagnostic criteria for ARVC25. 

Whenever feasible probands and family members had a full clinical examination carried out 

by a cardiologist. This consisted of a 12-lead electrocardiogram (ECG) in order to detect 

abnormalities in depolarisation or repolarisation or low voltage complexes. Similarly, each 

patient had a signal averaged ECG (SAECG) to identify late depolarisation and a 2D 

transthoracic echocardiogram (ECHO) to detect left/right ventricular dilation or dysfunction; 

aneurysms which can be associated with ARVC or any regional wall motion abnormalities. In 

addition, 24-hour Holter monitor readings were assessed for ventricular ectopic burden 

(frequency over 500 in 24 hours as a diagnostic criterion for ARVC) and for non-sustained 

ventricular tachycardia (classified as 120 consecutive ventricular beats per minute lasting for 

<30 seconds). Cardiac MRI was completed to confirm ECHO findings and identify any evidence 

of fibrosis through late gadolinium enhancement (LGE) on imaging.  

2.18 Cell culture 

2.18.1 HL-1 cells 

HL-1 cells (immortalised mouse cardiomyocytes)115 were cultured in accordance to protocols 

from Sigma Aldrich Ltd and the Claycomb laboratory (Louisiana State University Medical 

Center, USA). Claycomb media was supplemented for the HL-1 cells as displayed in Table 2.2 

and kept at 40C. 
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Table 2.2 - Components of supplemented Claycomb media. 

Component Volume (ml) Final concentration 

Fetal Bovine Serum (Sigma 

Aldrich) 

10  10% 

Penicillin/ Streptomycin (104 

U/ml and 104µg/ml)  (Sigma 

Aldrich) 

1 100U/ml / 100µg/ml 

Norepinephrine (10mM stock) 

(Sigma Aldrich) 

1 0.1mM 

L-Glutamine (200mM stock) 

(Sigma Aldrich) 

1 2mM 

Claycomb Media (Sigma Aldrich) 87  

 

T25/T75 flasks were pre-coated with fibronectin-gelatin before the cells were seeded. Gelatin 

solution (final concentration 0.02%) was made by dissolving 0.1g gelatin (Sigma Aldrich) in 

500ml distilled water and autoclaving. Fibronectin (1mg/ml) (Sigma Aldrich) was then diluted 

into 199mls of 0.02% gelatin solution creating the fibronectin-gelatin solution to coat the 

flasks. This was left on the flasks for a minimum of 4 hours up to 24 hours and then removed 

prior to seeding the cells. The media was changed daily and the cells incubated at 370C (5% 

CO2). 
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2.18.2 –HL-1 cell passaging 

Cultures were divided once full confluency had been reached. Fibronectin-gelatin (3ml) was 

added to three new T75 flasks 4 hours prior to splitting and they were placed in the incubator 

at 370C. Media was removed from the cells and 5ml of warmed Phosphate Buffered Saline 

(PBS) was added to the flask to wash the cells and then removed; another 5ml PBS was added 

and again removed. Trypsin (3ml for T75; 1ml for T25) was added to the flask and the flask 

was incubated for 1 minute at room temperature. The trypsin solution was then removed, 

further trypsin (3ml for T75; 1ml for T25) was added and the flask incubated for 2 minutes. 

The flask was tapped to resuspend the cells in solution and supplemented media (3ml for T75; 

1ml for T25) was added to stop the reaction. The media and cell suspension was added to a 

15ml Falcon tube, 5ml fresh media was added to the flask, it was washed around and then 

added to the 15ml Falcon tube containing the cell suspension. The Falcon tube was then 

centrifuged for 5 minutes at 1200rcf. The supernatant was removed and the pellet was re-

suspended in 6ml of fresh media. 

The three new T75 flasks had the fibronectin-gelatin removed and 2ml of the re-suspended 

cell solution was added to each flask. Each flask had 13ml of fresh media added and were 

incubated at 370C (5% CO2). 

 

2.18.3 - Cardiomyocyte isolation 

Cardiomyocytes were isolated from neonatal mice hearts as per the Pierce primary 

cardiomyocyte isolation kit protocol (Thermo Scientific). Neonatal hearts were freshly 

dissected from pups aged 1-3 days, placed into separate 1.5ml sterile microcentrifuge tubes, 
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and 500µl of ice cold Hank's Balanced Salt Solution (HBSS) was then added. Each heart was 

minced into 1-3mm3 pieces and washed twice with 500µl ice cold HBSS. Cardiomyocyte 

enzyme 1 (with papain, 0.2ml) and cardiomyocyte enzyme 2 (with thermolysin, 10µl) were 

added to each tube containing heart pieces and incubated at 370C for 35 minutes. The enzyme 

solution was then removed and the tissue was washed twice with 500µl ice cold HBSS. 

Dulbecco Modified Eagle Medium (DMEM, 0.5ml) was then added and the tissue was broken 

up by pipetting up and down. A further 1ml DMEM was then added and the cells were plated 

with 0.5 ml cell/media solution placed per well and a further 1.5ml of DMEM was then added 

to each well. The cells were then incubated at 370C in a 5% CO2 incubator for 24 hours. After 

24 hours the media was removed and replaced with complete DMEM for primary cell isolation 

containing cardiomyocyte growth supplement diluted 1:1000. Cells were then incubated at 

370C in a 5% CO2 incubator and any subsequent media changes were carried out every 3 days 

using complete DMEM (supplemented with growth serum). 

 

2.18.4 Methanol-acetone fixing for HL-1 cells 

 

Autoclaved coverslips were placed in a 12 well plate. Media (1ml) and cell suspension were 

added to each well along with 1 ml of fresh media and cells were incubated at 370C (5% CO2).  

Once desired confluency was reached, media was removed from cells and the cells were 

washed with 1ml PBS twice. The PBS was removed and 500µl methanol-acetone was added 

and left for 20 minutes. The methanol-acetone was removed and the coverslips were left to 

air dry for 10min and then placed in a -800C freezer until stained. 
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2.18.5 Isolated cardiomyocyte coverslip fixing 

 

Autoclaved coverslips were placed in a 12 well plate before cardiomyocyte culturing. See 

2.18.3 - Cardiomyocyte isolation. Coverslip fixing for cardiomyocytes was carried out as 

described for HL-1 cells in the section above. 

 

2.18.6 Cytology staining 

 

Fixed coverslips were washed in PBS and then blocked for 1 hour in 5% goat serum. 

Afterwards, each coverslip was incubated with two antibodies, anti-filamin C (1:100, GeneTex 

GTX51350) and one of the following; anti–desmin (1:50, Dako), anti-plakoglobin (1:20, 

Progen), anti-connexin-43 (1:200, Merck Millipore) or anti-desmoplakin (1:50, Gift) overnight 

at 40C. The coverslips were then washed in PBS and incubated with goat anti-mouse 

conjugated with Alexa Fluor 568 (1:500, Life Technologies) or phalloidin conjugated with 

Alexa Fluor 568 (1:20, Life Technologies) if the coverslip had only been incubated with anti-

FLNC overnight, to stain for actin as the second antibody, and donkey anti-rabbit conjugated 

with Alexa Fluor 488 (1:500, Life Technologies). DAPI (4ʹ,6-diamidino-2’-phenylindole, 

1:10,000, Invitrogen) was used to stain nucleic acids.  

All images of cells were acquired on a Zeiss 710 confocal microscope at x63 power using 

appropriate filters and identical settings.  
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Table 2.3 - Primary and secondary antibodies used for cell staining and western blot. 

 

Primary Antibodies Concentration used in experiment 

 Cell Staining Western blot 

Anti-FLNC (GeneTex GTX51350) 1:100  

Anti -FLNC (Novus Biologicals NBP1-

89300) (LifeSpan) 

 1:2000 

Anti–desmin (Dako) 1:50  

Anti-plakoglobin (Progen) 1:20  

Anti-connexin-43(Merck Millipore) 1:200  

Anti-desmoplakin II-5F (GIFT) 1:50  

Phalloidin Alexa Fluor 568 (life 

technologies) (Actin) 

1:20  

Anti-alpha tubulin (Abcam)  1:10,000 

Anti-vinculin V9131 (Sigma Aldrich)  1:100,000 

Secondary Antibodies 

Goat anti-mouse Alexa Fluor 568 (Life 

Technologies) 

1:500  

Donkey anti-Rabbit Alexa Fluor 488 

(Life Technologies) 

1:500  

Goat anti-rabbit (Dako)  1:5000 

Goat anti-mouse (Dako)  1:10,000 

 

2.19 Human cardiac sample preparations 

Formalin-fixed, paraffin-embedded tissue sections (5μm) were deparaffinised with a standard 

xylene and ethanol procedure, dehydrated, rehydrated and heated in citrate buffer (10 

mmol/l, pH 6.0) to enhance specific immunostaining. After being cooled to room 

temperature, the tissue sections were simultaneously permeabilised and blocked by 

incubating them in PBS containing 1% Triton X-100, 3% normal goat serum and 1% 

bovine serum albumin. The sections were then incubated first with a primary antibody and 

then with indocarbocyanine-conjugated goat anti-mouse or anti-rabbit IgG. Primary 

antibodies included mouse monoclonal N-cadherin (Sigma Aldrich), rabbit polyclonal Cx43 

(Sigma Aldrich), mouse monoclonal plakoglobin (Sigma Aldrich), mouse monoclonal 
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desmoplakin (Fitzgerald), rabbit polyclonal SAP97 (Santa Cruz Biotechnology), rabbit 

polyclonal anti-GSK3β (Cell Signaling) and rabbit monoclonal anti-FLNC (Abcam). 

Human tissue slides were imaged using a Leica immunofluorescent confocal SP8 microscope. 

Microscopy parameters including gain and offset were set when imaging control cardiac 

samples and maintained identical for the analysis of all diseased samples. 

Table 2.4 - Primary and secondary antibodies used for human tissue samples. 

 

Primary Antibodies Used 

Antibodies Concentration used in 

experiment 

Anti-FLNC (GeneTex) Rabbit 

polyclonal 

1:100 

Anti -FLNC (Novus Biologicals) Rabbit 

polyclonal 

1:50 

Anti-desmoplakin (Fitzgerald) Mouse 

monoclonal 

1:10 

Anti-GSK3beta (Cell Signalling 

Technology) 

Rabbit 

polyclonal 

1:80 

Anti-SAP97 (Santa Cruz 

Biotechnology) 

Mouse 

monoclonal 

1:50 

Anti-Cx43 (Sigma Aldrich) Rabbit 

polyclonal 

1:400 

Anti –plakoglobin (Sigma Aldrich) Mouse 

monoclonal 

1:1000 

 

Filamin 2 antibody (Biorbyt) 

 

Rabbit 

polyclonal 

1:100 

Filamin C (Gamma) (MyBioSource) 

 

Rabbit 

polyclonal 

1:50 

N-cadherin MS (Sigma Aldrich) Mouse 

Monoclonal 

1:400 

Anti-FLNC (AbCam) Rabbit 

monoclonal 

1:200 

Filamin antibody (Novus Biologicals) 

 

Mouse 

monoclonal 

1:100 

Secondary Antibodies used 

Antibodies Concentration used in 

experiment 

Cy3 affinipure F(ab')2 fragment goat anti-mouse IgG 

(H+L) (Jackson Immunoresearch) 

1:400 

Cy3 affinipure F(ab')2 fragment goat anti-rabbit IgG, 

F(ab')2 fragment specific (Jackson Immunoresearch )  

1:400 
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2.20 Human iPSCs  

Control REBL-PAT cell line human iPSCs were gifted by Chris Denning, Nottingham University 

and cultured at Queen Mary University, London. They were fixed by methanol–acetone and 

stained for filamin C, plakoglobin and desmoplakin 

2.21 – Western Blot 

2.21.1 SDS polyacrylamide gel electrophoresis (PAGE) - Gel preparation 

The apparatus for pouring the gels was set up as described in the Bio-Rad bulletin 6040, 

accessible at http://www.bio-rad.com/en-uk/applications-technologies/introduction-

western-blotting?ID=LUSPPAKG4. 

All gels were made to a thickness of 1.5mm. Resolving gels (6%, 15ml) were prepared as 

shown in Table 2.6, mixed by gently inversion, poured between the two glass plates and left 

to set for approximately 45 minutes. A small amount of water was placed on top of the gel to 

prevent the air from drying out the gel and to make sure the top of the gel was straight.  

Once set the excess water was removed with blotting paper. Stacking gels (5%, 4ml) were 

prepared as shown in Table 2.6 and poured on top of the resolving gel. A 10-well plastic comb 

was inserted between the plates to form wells for the samples to be inserted. The stacking 

gel was left to set for approximately 30 minutes. 
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Table 2.5 - Reagents for SDS-PAGE gels. 

Materials Required 6% Resolving Gel 5% Stacking Gel 

30% Acrylamide (Bio-Rad) 3 ml 670µl 

0.5M Tris, pH 6.8 (stacking gel buffer) (Bio-Rad) - 1 ml 

1.5M Tris, pH 8.8 (resolving gel buffer) (Bio-Rad) 3.8 ml - 

10% SDS (sodium dodecyl sulfate) (Sigma Aldrich) 150µl 40µl 

10% Ammonium persulfate (APS) (Sigma Aldrich) 150µl 40µl 

N,N,N’N’-Tetramethyl-ethylenediamine (TEMED) (Sigma 

Aldrich) 

12µl 4µl 

dH20 7.9ml 2.2 ml 

Final volume ~15 ml ~4 ml 

 

2.21.2 – Preparation of samples and SDS-PAGE 

HL-1 cells that were knocked down for FLNC by siRNA and control samples grown in 12 well 

plates had their media removed and were then lysed in the western blot lysis buffer described 

in Table 2.7. Using a cell scraper, the cells were dislodged and collected in Eppendorf tubes. 

These underwent heat shock by alternating incubation on dry ice and in a water bath (370C) 

to further disrupt the cells and release the proteins. The samples were centrifuged for 10min 

at 1300rpm, the supernatant was removed and the pellet discarded. The protein content was 

quantified using a Bradford assay with a total of 20µg protein per sample and a total volume 

of 25µl was obtained containing: the sample, dH20, 5x laemmli buffer (containing 6.8ml 

ddH20, 2ml 0.5M Tris pH 6.8, 4ml glycerol 87%, 1.6ml SDS 20%, 1.6ml blue bromophenol) and 

200µl mercaptoethanol per 800ul of the laemmli buffer. The samples were heated at 950C for 

2 minutes. 
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The gel plates were fixed on to the Bio-Rad apparatus as per the manufacturer’s instructions 

and the combs were removed. The tank was filled with fresh 1x running buffer: 100ml 10x 

running buffer (144g glycine, 30g Tris (hydroxymethyl) aminomethane, 100ml 10% SDS, 

900ml dH20) and 900ml dH20. 

High molecular weight ladder (8µl, #26625, Thermo Scientific) was loaded into the first lane 

of the gel, followed by 25µl of each sample. The lid was assembled on the gel tank as per 

manufacturer’s instructions and the samples were electrophoresed at 100V for 1.5 hours until 

the marker dye had reached the bottom of the glass plate. 

Table 2.6 - Reagents for western blot lysis buffer. 

Lysis Buffer Components (Sigma Aldrich) Volume (ml) 

Tris 1M (pH 8.0) 2.5 

Sodium chloride 3 

Glycerol 5 

Beta-glycerolphosphate 0.5M 5 

Tween 20 0.5 

Nonidet P40 0.01 

Distilled H2O 34 

 

A complete mini, EDTA-free protease inhibitor cocktail tablet was added per 10ml lysis buffer 

and the solution was stored at 40C.  

2.21.3 – Protein transfer onto nitrocellulose membrane and immunoblotting 

Transfer buffer was prepared at two concentrations: a. 10x: 144g glycine, 30g Tris 

(hydroxymethyl) aminomethane, 1000ml dH2O) and b. 1x: 100ml 10x transfer buffer, 200ml 

methanol, 700ml dH2O). To transfer the proteins onto the nitrocellulose membrane for 

western blotting a cassette was prepared consisting of sponge, 2 pieces blotting paper (GE 

Healthcare), nitrocellulose membrane Amersham Hybond – ECL (GE Healthcare), 2 pieces 
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blotting paper and sponge within the cassette. The cassette was placed into the tank 

containing 1x transfer buffer and an ice block as per manufacturer’s protocol. The tank was 

connected to a power source and the transfer was carried out at 350mA over 2.5 hours at 40C 

to prevent overheating of the apparatus and bubble formation which would disrupt the 

transfer of proteins to the nitrocellulose membrane. Once the transfer had finished the 

membrane was removed from the cassette and placed in a dish with Ponceau S stain for 5min 

to indicate a successful transfer. The membrane was then washed in PBS and blocked in 5% 

non-fat milk (Marvel) and PBS with 0.1% Tween 20 (PBST, Sigma Aldrich) for 1 hour. 

The membrane was cut as required and placed in labelled tubes with primary antibodies 

diluted in 5% non-fat milk (Marvel), FLNC 1:2000 (Novus Biologicals), alpha tubulin 1:10,000 

(Abcam) and VCL 1:100,000 (Sigma Aldrich). These were placed on a roller and left at 40C 

overnight. 

After primary antibody incubation the membranes were washed 3 times in PBST for 5 minutes 

per wash. The secondary antibody goat anti-rabbit (Dako) was diluted to 1:5000 in PBST and 

applied to the section of membrane containing the FLNC antibody. A 1:10,000 dilution of goat 

anti-mouse (Dako) in 2.5% milk was made for tubulin sections and a 1:10,000 dilution of goat 

anti-mouse (Dako) in 5% milk was made for VCL. The membranes were incubated with 

secondary antibodies at room temperature for 1 hour on a rocker. After incubation they were 

washed three times in PBST and then visualised using the Amersham ECL Western blotting 

Analysis system (GE Healthcare) and Amersham hyperfilm ECL (GE healthcare). Both short 

and long exposures were obtained. 
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2.22 – FLNC siRNA knock down 

mRNA for FLNC was inhibited in HL-1 cells using the transfection reagent lipofectamine 

RNAiMax (Invitrogen), siRNA A (SR423570A), siRNA B (SR423570B), siRNA C (SR423570C) and 

scrambled siRNA (SR30004) (OriGene) at a concentration of 100nM according to 

manufacturer’s guidelines. Single siRNA inhibitors were used individually as well as a 

combination of all of the inhibitors.  

HL-1 cells were seeded 24 hours prior to the transfection and plated on 12 well plates at a 

concentration of 1.5x105 cells per well. They were incubated for 24 hours in complete 

Claycomb media at 370C in 5% C02 incubator.  The media was then removed and the cells 

were washed twice with PBS and incubated in 1ml of Pen/Strep free Claycomb media per 

well. Three individual siRNAs, a pooled combination of all three siRNAs and control-scrambled 

siRNA transfection complex were added to different wells and the plates were incubated for 

24 hours. The media was then removed and collected and the cells lysed and collected in the 

appropriated buffers for further protein or RNA analysis. The buffer used to collect the cells 

in for further protein analysis for western blotting is displayed in Table 2.6. Cells were 

collected in RLT buffer (Qiagen), a lysis buffer used to lyse cells prior to RNA isolation, for 

quantitative Polymerase Chain Reaction (qPCR) experiments. 

 

2.22.1 RNA isolation from cells for qPCR 

RNA was isolated from cell lysates following manufacturer’s guidelines using the RNeasy 

mini kit from Qiagen. 
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2.22.2 RNA – cDNA reverse transcription for qPCR 

RNA was reverse transcribed to cDNA using the Applied Biosystems High Capacity cDNA 

conversion kit and standard protocols. For each reaction the following reagents were used: 

10x reverse transcription buffer, 25x dNTP mix, 10x random primers, reverse transcriptase, 

RNase inhibitor and nuclease free water (Qiagen) (Table 2.7). A total volume of 20µl for each 

reaction was maintained including a 10µl RNA template.  

 

Table 2.7 - Reagents required for each 20µl RNA-cDNA reverse transcription reaction. 

Components Volume (µl) 

10x RT buffer 2 

25 x dNTP mix (100mM) 0.8 

10 x random primers 2 

Reverse Transcriptase 1 

RNase inhibitor 1 

dH20 3.2 

Target RNA (within 2-200ng/µl) 10 

 

The RT-PCR programme consisted of the following steps: 

25°C for 10 min 

37°C for 120 min 

85°C for 5 min 

Store at 40C 

The concentration of the cDNA was measured in the Nanodrop spectrophotometer and 

samples were diluted down to 10ng /µl for qPCR. 
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2.23 qPCR 

qPCR experiments were performed using standard protocols. For each qPCR the following 

products were used: TaqMan master mix (Applied Biosystems), primers and probes including 

designed forward and reverse mouse FLNC primers and a TaqMan probe (Sigma Aldrich) 

(displayed below), mouse GAPDH TaqMan endogenous control Fam/MGB probe 

(ThermoFisher Scientific), mouse VCL TaqMan probe Fam/MGB (ThermoFisher Scientific) and 

nuclease free water. A total volume of 20µl for each qPCR reaction was maintained including 

a 7.5µl DNA template (10ng/µl).  

 

A typical qPCR programme consists of the following steps:  

960C 10 minutes 

950C 15 seconds  

     39 cycles 

600C 1 minute   

40C hold 

The sequences of designed mouse FLNC qPCR primers and TaqMan probe (Sigma Aldrich) 

were as follows:  

Forward primer – 5’ TAGGGGAGGTGCTGGTCTAC 3’;  

Reverse Primer– 5’ GAGCACGGTCACCTTGTGTA 3’; 

Probe– [6FAM]CCCCGAGGGACACACGGAGGAGGCC[BHQ1] 
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Table 2.8 - qPCR reaction components. 

 

Gene Reaction reagents and 

volumes per well 

Combined volume per well 

GAPDH 

10µl master mix 

12.5µl combined 

1µl probe 

1.5µl nuclease free water 

7.5µl cDNA (10ng/µl) 

FLNC 

10µl master mix 

12.5µl combined 

1µl F primer 

1µl R primer 

0.5µl TaqMan probe 

7.5µl cDNA  (10ng/µl) 

VCL 

10µl master mix 

12.5µl combined 

1µl TaqMan probe 

1.5µl nuclease free water 

7.5µl cDNA (10ng/µl) 

 

2.23.1 qPCR confirmations 

Confirmations of RNA sequencing findings for selected genes were out-sourced to Barts and 

the London Genome Center and performed by qPCR using a single 384-well plate in order to 

maintain the same experimental conditions for all reactions.  
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Pre-amplification was carried out on RNA samples following the protocol relayted to using 

Fluidigm Gene Expression Arrays. This can be found at: 

https://www.fluidigm.com/binaries/content/documents/fluidigm/search/hippo%3Aresultse

t/gene-expression-specific-target-amplification-qr-68000133/fluidigm%3Afile.  

Each qPCR reaction (total volume of 10µl) consisted of 5µl ABsolute QPCR Mix (Life 

Technologies), 0.5µl 20x Taqman Assay (Thermofisher Scientific), 3.5µl purified water and 1µl 

pre-amplified cDNA. qPCR cycling was performed on a ABI Quantstudio 7 and consisted of the 

following steps: 

500C 2 minutes 

950C 10 minutes 

950C 15 seconds  

     60 cycles 

600C 1 minute   

40C hold 
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2.24 Confocal Imaging 

 

All images of cells were taken on a Zeiss 710 confocal microscope at x63 power. On average 

the microscope settings for different types of cells were: 

a. HL-1 cells: GFP signal 22-28 (Laser power %) /600-750 (gain), AFP signal 28-35 / 650-750, 

DAPI signal 3.5-5 / 500. 

b. iPSCs: GFP signal 20-26/650-700, AFP signal 22-26/600-700, DAPI signal 3.5/500. 

c. Neonatal cardiomyocytes: GFP signal 20/560, AFP signal 26/700, DAPI signal 5.5/720. 

Human tissue slides were imaged using a Leica immunofluorescent confocal SP8 microscope. 

GFP, CY3 and DAPI signals were set using appropriate filters and images for tissue samples 

were obtained using the same settings (Fluorophores). 

 

2.25 Haematoxylin and Eosin (H&E) staining 

H&E staining of deparaffinised human heart sections was completed according to the 

manufacturer’s protocols. The slides were imaged on a panoramic scanner (Histotech 250 

scanner). 

 

2.26 Massons Trichome Staining 

 

Massons Trichome staining of deparaffinised human heart sections was completed according 

to the manufacturer’s protocols. The slides were imaged on a panoramic scanner (Histotech 

250 scanner). 
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2.27 RNA extraction from human material and reverse transcription to cDNA 

RNA was extracted from paraffin blocks using Qiagen’s RNeasy FFPE kit. RNA quantification 

was completed using the Qubit RNA HS Assay kit (Thermofisher) and quality assessment of 

RNA was performed by Agilent Tape station 200 running RNA Screen tape (Agilent). 

RNA was used directly or converted to cDNA using Applied Biosystems High Capacity cDNA 

conversion kit as detailed above. 

 

2.28 RNA sequencing (RNA-seq) 

Library preparation used TruSeq stranded total RNA sample preparation kit (Illumina) with 

rRNA depletion (Illumina). Library pools were sequenced on a NextSeq 500 instrument (2x75 

cycles) according to manufacturer’s protocols (Illumina). 

 

2.29 RNA sequencing Bioinformatics 

Basic data analysis such as transcript assembly and differential expression analysis was 

completed by Qiagen and utilised a pipeline including Bowtie2 (v2.2.2)116, Tophat (v2.0.11)117 

and Cufflinks (v2.2.1)118. 

Subsequent in-depth bioinformatic data analysis and interpretation was optimised and 

performed in-house utilising:  

a. Cytoscape, version 3.6.1,119 (www.cytoscape.org) accessed on 02/06/2018;  

b. g:Profiler – g:GOSt tool120 version r1741 which uses Ensembl 90 and Ensembl Genomes 37 

(http://biit.cs.ut.ee/gprofiler/index.cgi), accessed on the 05/06/2018; and  
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c. WebGestalt121 (http://www.webgestalt.org), accessed on the 05/06/2018.  

The GO ontology files used for both g:Gost and WebGestalt were dated 24/10/2016.  IPA was 

accessed on 19/06/2018 (QIAGEN Inc.,) 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis).    

 

2.29.1 In-house filtering pipelines 

To produce a list of genes and isoforms for analysis by various software, a number of filtering 

steps were introduced as part of the in-house bioinformatic analysis pipeline of RNA 

sequencing data.  Gene variants and isoforms were first filtered according to significance and 

those with a fold change with a q value below 0.05 were considered significant for this study.  

Genes and isoforms were then filtered based on their log2fold score. This filtering step was 

selected based on requirements of the different software programs. For Cytoscape119, a very 

small number of genes and isoforms are required to seed a network map and therefore a 

log2fold of more than or equal to 4 or less than or equal to -4 was chosen for this filtering 

pipeline (Figure 2.4). For the software programs WebGestalt121 and g:Profiler120, which 

require a larger number of genes/isoforms for functional enrichment analysis, a log2fold of 

more than or equal to 1 or less than or equal to -1  was selected (Figure 2.5).  After filtering 

for log2fold, any duplicates, blank entries, or long non-coding RNA were removed. The genes 

and isoforms were then combined to form a single dataset. Final checks to the data were 

applied dependent on individual software requirements. For Cytoscape, Uniprot IDs are 

required and data without such IDs were removed (Figure 2.4). 

The final software program to be used for functional enrichment and pathway analysis was 

Qiagen’s Ingenuity Pathway Analysis (IPA) which followed the filtering sequence described 



 

 

 96 

above (Figure 2.6). Similarly, genes and isoforms were then combined and blank entries and 

duplicates removed. A log2fold filtering of more than or equal to 1 or less than or equal to -1 

was then applied within the software program. 

 

Figure 2.4 – RNA sequencing data filtering process for Cytoscape119 analysis. 

Flow chart detailing the in-house data filtering pipeline used to generate a combined 

gene/isoform list for Cytoscape analysis. 
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Figure 2.5- RNA sequencing data filtering process for g:Profiler120 and WebGestalt121 analysis. 

Flow chart detailing the in-house data filtering pipeline used to generate a combined 

gene/isoform list for g:Profiler and Webstalt analysis. 

Figure 2.6 - RNA sequencing data filtering process for Qiagen’s IPA analysis. 

Flow chart detailing the in-house data filtering pipeline used to generate a combined 

gene/isoform list for IPA analysis. 
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2.29.2 Data Analysis 

Cytoscape is a publicly available network visualisation and analysis tool for RNA-seq data and 

in this study it was used to produce an interaction network. The databases that were accessed 

within the Cytoscape software were all IMEx complying datasets plus the non-IMEx EBI-GOA-

nonIntAct dataset. (IMEx, International Molecular Exchange, is a data resource consortium 

and the EBI-GOA-nonIntAct dataset includes the Gene Ontology protein interaction data 

minus the IntAct data). This reduces the chance of data duplication as all databases follow the 

same guidelines for recording information and all data in them is experimentally derived. As 

well as producing a network, the plugins GOlorize and BiNGO were utilised within the 

Cytoscape software to annotate the genes using the Gene Ontology (GO) project and identify 

which GO terms were most enriched within the data set119.  

g:Profiler is a webserver able to perform functional statistical enrichment analysis through 

the core g:GOSt tool. It was used to produce a list of enriched GO terms for the submitted 

dataset120.  

WebGestalt121 is a WEB-based Gene SeT AnaLysis Toolkit. It carries out functional enrichment 

analysis of large gene sets and is able to analyse and identify enriched KEGG pathways122. 

WebGestalt supports the Fisher exact test based ORA method for enrichment analysis in 

contrast to g:Profiler which uses the hypergeometric distribution to estimate the  significance 

of enriched gene lists120 121.  

IPA is web based software which allows analysis of data from RNA-seq experiments. In 

particular, this software was used for pathway analysis as it can map out the most significantly 

affected pathways within a dataset and predict whether they will be activated or inhibited. 

IPA uses Canonical pathway data. 
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Chapter 3: Whole Exome Sequence Analysis 

3.1– Introduction 

DNA sequencing methodologies have improved dramatically over the last 40 years, from early 

Sanger DNA sequencing to automated fluorescent sequencing and more recently progressing 

to next generation sequencing. The latter includes whole exome (WES) and whole genome 

sequencing (WGS) which are frequently used in genetic diagnosis today123.  High throughput 

sequencing platforms released in mid 2000s allowed the drastic expansion in the amount of 

whole exome/genome work, known now as next generation sequencing (NGS), facilitated by 

a dramatic drop in its cost124.  Whilst new technologies allow new discoveries, they also come 

with their own set of problems and NGS generates large amounts of data which remains 

difficult to interpret. To date NGS has successfully identified novel gene variants as the cause 

of disease in common cardiovascular diseases125. Not only does it provide data on known 

single nucleotide polymorphisms (SNPs), as genome-wide association studies (GWAS) do, it 

also allows the identification of both common and rare variants, insertions and deletions 

(indels) and copy number variants (CNVs)125 . Importantly, recent advancements in NGS (WES 

and WGS) have expanded its use in both a research and clinical diagnostic setting considerably 

improving patient care125.  

 

WES sequences the protein coding regions of the genome called the ‘exome’ and has been 

used extensively to discover new causative genes in Mendelian disorders92. Approximately 

85% of the known genetic causes for Mendelian disorders affect protein coding regions126. As 

up to 60% of patients with ARVC have an identified gene mutation in the known causal 

genes22, we propose that novel genes may be involved in the remaining population of 
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patients.  A recent study for ARVC patients using NGS found that 86% of patients with a 

definite diagnosis according to 2010 Task Force criteria had desmosomal mutations and those 

with possible diagnosis were found to have variants more likely to be associated with DCM127. 

This highlights that NGS is particularly important for conditions like ACM for which the 

phenotype requires a wider analysis of possible causative genes than traditional gene panels 

may offer125 127. WGS has a broader coverage than WES but it is also significantly higher in 

cost125. Even studies that have used WGS, however, have focused on variant analysis in the 

coding proportion of the genome95. For these reasons WES has been considered the most 

appropriate method to investigate ACM in this study. In the future as the cost of WGS reduces, 

this method will most probably become the most effective tool to identify the genetic causes 

of human diseases.  

 

In the past, monogenic disorders were usually studied with linkage analysis approaches in 

families. With whole exome/genome sequencing there are many more possibilities. Whole 

exome sequencing, in particular, enables the gene burden test to be used as an approach to 

discover new genes in a group of unrelated probands. The gene burden test has been shown 

to overcome some of the difficulties that occur with linkage analysis of pedigrees with 

incomplete penetrance93. However, in conditions with high locus heterogeneity like ACM, as 

the study by Guo et al suggests, a much higher sample size would be required, which can be 

difficult to achieve in rare diseases93. 

Copy number variants are generally considered variants over 50 base pairs128. CNVs have 

been identified as causative variants in various cardiovascular diseases causing sudden 

death129 and Mates et al. (2018) reported a higher rate of CNVs in ACM than in any of the 

other cardiomyopathy subtypes129. 
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All of the above methods of detection have been used in this study to discover novel causative 

variants in patients with ACM. 

3.2 Aim of study 

The aim of this study was to identify genes enriched for novel variants in a group of 120 gene 

negative ACM patients in comparison to controls and investigate whether those could be 

implicated in the pathogenesis of ACM. Additionally, this study involved collecting samples 

from family members of probands with identified variants in order to perform co-segregation 

studies in ACM families, completing a gene burden test and analysing CNVs in WES data.  

3.3 Methods Used   

See Materials and Methods in Chapter 2 for the following: DNA extraction, whole exome 

sequencing library preparation, bioinformatics analysis of initial WES data, control population 

– ExAC (Exome Aggregation Consortium) database, the gnomAD database, filtering of 

variants, family analysis, gene burden analysis, copy number variants (CNVs), polymerase 

chain reaction (PCR), agarose gel electrophoresis and DNA sequencing. 

3.4 Results 

3.4.1 Patient population 

The patient population for this study was selected by screening 269 ACM patients by targeted 

next generation sequencing for 41 major genes associated with cardiomyopathy, arrhythmia 

and heart failure syndromes as described by Lopes et al. (2013)130. This sequencing work 

identified a group of ACM patients who were free of potentially pathogenic variants in these 

known disease genes. This ‘gene negative’ cohort consisted of 120 individuals who underwent 

whole exome sequencing (Figure 3.1).  
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Figure 3.1 - Flow diagram of selection process of ACM patients for whole exome sequencing. 

The initial patient cohort consisted of 269 ACM patients of whom 120 (44.6%) had no 

identified pathogenic variants in the known ACM genes. This group was used for WES 

screening in this study. 

In accordance with the Declaration of Helsinki and with approval from the required Ethics 

Committees (REC ID: 15/LO/0549), all material and data from patients were collected with 

informed consent from adults and from the parents/guardians of minors who participated in 

the study. 

According to the Task Force ARVC diagnostic criteria25 these 120 patients can be divided into 

31 patients with a definite diagnosis of ARVC, 36 with a borderline diagnosis and 53 with a 

possible diagnosis. Table 3.1 summarises the Task Force diagnostic criteria in these patients.  

 

 

 

 

 

 



 

 

 103 

Table 3.1 - Task Force diagnostic criteria fulfilled in the gene negative ACM patient cohort. 

 

TASK FORCE DIAGNOSTIC CRITERIA ACM patients fulfilling criteria (n) 

MAJOR  

STRUCTURAL 25 

TISSUE 1 

REPOLARISATION 28 

DEPOLARISITION 1 

ARRHYTHMIAS 20 

FAMILY HISTORY 45 

MINOR 

STRUCTURAL 20 

TISSUE 0 

REPOLARISATION 17 

DEPOLARISITION 29 

ARRHYTHMIAS 33 

FAMILY HISTORY 16 

 

Samples from a further 90 family members were collected for co-segregation studies within 

families. These family members can be divided into 9 with a definite diagnosis of ARVC, 10 

with a borderline diagnosis, 27 with a possible diagnosis, 33 who are unaffected and 11 with 

an unknown clinical diagnosis. Table 3.2 summarises the Task Force diagnostic criteria in 

these individuals.  
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Table 3.2 - Task Force diagnostic criteria fulfilled in the gene negative ACM patient family 

cohort. 

 

TASK FORCE DIAGNOSTIC CRITERIA Family members fulfilling criteria (n) 

MAJOR  

STRUCTURAL 1 

TISSUE 0 

REPOLARISATION 6 

DEPOLARISITION 1 

ARRHYTHMIAS 1 

FAMILY HISTORY 36 

MINOR 

STRUCTURAL 4 

TISSUE 0 

REPOLARISATION 4 

DEPOLARISITION 10 

ARRHYTHMIAS 11 

FAMILY HISTORY 22 

 

The patient population as a whole consisted of 98 (46.7%) males and 112 (53.3%) females. 

The mean age was 52 years at the time of analysis.   
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3.4.2 – Candidate cardiovascular gene list from literature search. 
 

Table 3.3 – List of 474 selected candidate cardiovascular genes used for variant analysis of WES data. 

 
 

AARS2 %ADD3 %ANGPTL4 CACNA1C %CLIC2 CYP11B2 %EMD %FOXH1 %GUSB %KANSL1 %KCNQ4 %LRRC10 %MYOCD NUP155 %PPARA %SALL4 %SLC22A8 %TAB2 %TNNI3
%ABCA1 %ADRA1A %ANK2 %CACNA1D %CMA1 %CSRP3 %ENG %FOXP1 %GYS1 KCNA1 %KLF10 %MAP2K1 %MYOM1 %OBSCN %PPARD %SAR1B %SLC25A4 %TAZ %TNNI3K
%ABCC6 %ADRA2A %ANK3 %CACNA2D1 %CMYA5 %CTF1 %EP300 %FXN %HAND1 %KCNA5 %KLF11 %MAP2K2 %MYOT %OBSL1 %PPARG %SCARB1 %SLC25A40 %TBX1 TNNT2
%ABCC9 %ADRA2B %ANKRD1 %CACNB2 CNBP %CTLA4 %ERBB2 %GAA %HAND2 %KCND2 KMT2D %MCTP2 %MYOZ1 %PARVB PPARGC1A %SCN10A %SLC25A5 %TBX20 %TNXB
%ABCG1 %ADRA2C %APLNR %CALM1 %COG2 %CTNNA3 %ERF GADD45B %HBB %KCND3 %KRAS %MED13L %MYOZ2 %PAX4 %PRDM16 %SCN1A %SLC2A10 %TBX5 %TP63
%ABCG5 %ADRB1 %APOA1 %CALM2 %COL10A1 %CXADR %ESR2 %GATA4 %HCN1 %KCNE1 %LAMA2 %MEF2A %MYPN %PCSK9 %PRKAG1 SCN1B %SLC39A13 %TCAP %TPM1
%ABCG8 %ADRB2 %APOA5 %CALM3 %COL1A1 %CYP2C9 %EYA1 %GATA5 %HCN4 %KCNE1L %LAMA4 %MIB1 %NBR1 %PDGFRA %PRKAG2 %SCN2A %SLMAP %TCF21 %TPM3
%ABLIM3 %ADRB3 %APOB %CALR3 %COL1A2 %CYP2D6 %EYA4 %GATA6 %HEY2 %KCNE2 %LAMP2 %MLYCD %NDUFV2 %PDHA1 %PRKAG3 %SCN2B SMAD1 %TDGF1 %TRDN
%ACADM %AGA %APOC2 %CAMK2D %COL3A1 %DES %FAH %GATAD1 %HFE %KCNE3 %LCAT %MRPL3 %NEBL %PDLIM3 %PRKG1 %SCN3B %SMAD3 %TERC %TRIM55
%ACADVL AGK %APOC3 %CAPN3 %COL4A1 %DLD %FBN1 %GCK HNF1A %KCNE4 %LDB3 MRPS22 %NEUROD1 %PDX1 %PSEN1 %SCN4A %SMAD4 %TERT %TRIM63
ACAD9 %AGL %APOE %CASQ2 %COL4A3 %DMD %FBN2 %GDF1 %HNF1B %KCNH1 %LDLR %MSTN %NEXN %PHKA1 %PSEN2 %SCN4B %SMAD6 %TFAP2B %TRPM4
%ACE %AGPAT2 %ASPH %CAV1 %COL4A4 %DMPK %FBN3 %GDF2 %HNF4A %KCNH2 %LDLRAP1 %MTHFR %NF1 %PITX2 %PTPLA %SCN5A %SMAD9 %TGFB1 %TSFM
%ACE2 %AGT ATP2A2 CAV3 %COL4A5 %DNAJC19 %FGF12 %GFM1 %HRAS %KCNJ11 %LEFTY2 %MTO1 NKX2D5 %PKP2 %PTPN11 %SCNN1B %SMYD1 %TGFB2 %TTN
%ACTA1 %AGTR1 %ATP7A %CBFB %COL5A1 %DOLK FHL1 %GHSR %HRC %KCNJ12 %LEP %MTTP %NKX2D6 %PKP4 %PTRF %SCNN1G %SMYD2 TGFB3 %TTR
%ACTA2 %AGTR2 %ATPAF2 %CBL %COL5A2 %DPP6 %FHL2 %GJA1 %HSPB7 KCNJ2 %LIAS %MURC %NODAL PLA2G7 %PYGM %SCO2 %SNTA1 %TGFBR1 %TXNRD2
%ACTC1 %AIRE %B4GALT7 %CBLN2 %COQ2 %DSC2 %FHOD3 %GJA5 %IGF1R %KCNJ3 %LIMS1 %MYBPC3 %NOS1AP %PLEC %RAF1 %SEPN1 %SOS1 %TGFBR2 %VCL
%ACTN2 %AKAP9 %BAG3 %CBS CORIN %DSG2 %FKBP14 %GLA %IL6 %KCNJ5 %LIMS2 %MYH11 %NOS3 %PLIN1 RANGRF %SERPINE1 %SPRED1 %TGFBR3 %VKORC1
%ACTN3 %AKT2 %BDKRB2 %CEL %COX15 %DSP %FKBP1A %GLB1 %ILK %KCNJ8 %LIPA %MYH6 %NOTCH1 %PLN %RBFOX1 %SFTPC %SQSTM1 %THBS1 VPS13A
%ACVR1 %ALG10 %BLK %CETP %COX6B1 %DTNA %FKBP1B %GNAQ %INS %KCNK17 %LIPC %MYH7 %NOTCH2 %PLOD1 %RBM20 %SGCA %SRF %TKT %WRN
%ACVR2B %ALG10B %BMP10 %CFC1 %CP %EDN1 %FKRP GNB3 %INSR %KCNK3 LMF1 %MYL2 %NOTCH3 %PLTP %RBX1 SGCB %SRI %TLR4 %XK
%ACVRL1 %ALG12 %BMPR1B %CFTR %CPT1A %EDN2 %FKTN %GNPTAB %IRX4 %KCNMB3%LMNA %MYL3 %NPC1L1 %PMM2 %REN %SGCD %SRY %TMEM43 %ZFHX3
%ADAMTSL4 %ALG6 %BMPR2 %CHD7 %CPT2 EDNRA %FLNA %GPD1 %JAG1 %KCNN3 %LPA %MYLIP %NPHP4 %PMP22 %RIT1 %SGCG %STRN %TMEM70 %ZFPM2
ADAMTS2 %ALMS1 %BRAF %CHST14 %CREBBP %EDNRB %FLNC %GPD1L %JPH2 %KCNQ1 %LPL %MYLK %NPPA %PNN %RPS6KA3 %SHOC2 SURF1 %TMPO %ZIC3
%ADD1 %AMPD1 %BSCL2 %CIDEC %CRELD1 %EHMT1 %FLT1 %GPIHBP1 %JUNB %KCNQ2 %LRP1 MYLK2 %NPPB %PNPLA2 %RYR1 %SKI %SYNE1 %TNNC1 %ZMPSTE24
%ADD2 ANGPTL3 %CACNA1B %CITED2 %CRYAB %ELN %FOXD4 %GREM2 %JUP %KCNQ3 %LRP6 %MYO6 %NRAS %POLG %RYR2 %SLC22A5 %SYNE2 %TNNI2
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3.4.3 Bioinformatic analysis of WES data in the gene negative ACM cohort - Variant analysis 

Approximately 137,454 variants were identified in the 120 ‘gene negative’ ACM patient 

cohort before filtering by frequency, of which 29.8% were novel (i.e. not previously reported 

on public databases). Missense variants accounted for 32.5% of all identified variants before 

filtering and 89.2% after filtering (Figure 3.2).  

After filtering 51.4% of the missense variants were predicted to be ‘benign’ by PolyPhen-2; 

25.4% were predicted to be probably damaging and 17.7% possibly damaging. Premature 

stop codons (nonsense variants) accounted for 2% of the identified calls after filtering.  The 

mean target coverage for our sequenced samples was 67X. 

 

Figure 3.2 - Pie charts showing variants present in the ACM population before and after 

filtering. 

Note that after filtering the majority of identified variants were missense changes (89.2%). 

 

Variant 
consequence:

Variant filtering

Variant PolyPhen
prediction:

25.4%

17.7%
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Table 3.4 - Total number of variants present in the ACM patient population before and after 

filtering. 

 

3.4.4 Confirmation of variants 

To confirm that the detected variants were genuine calls, the Integrative Genomic Viewer 

(IGV)113 114 was used to examine the quality of the sequencing read alignments (Figure 3.3).  

Primers for the exons in which variants were located were designed for PCR.  The annealing 

temperature for each fragment was determined after optimising the PCR conditions. PCR 

products were sequenced on an ABI 3130xl genetic analyser as described previously (an 

example is shown in Figure 3.4). 

 

 

 

 

 

 

 Before filtering After filtering 

Variants processed 137,454 32,849 

Known variants 96,448 (70.2%) 17,760 (54.1%) 

Novel variants 41,006 (29.8%) 15,089 (45.9%) 
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Figure 3.3 – Read alignment on IGV for the c.2971C>T; p.R991X variant in FLNC. 

The mutant “T” allele is highlighted in red in the top two panels. The sequence in the bottom 

panel shows alignment for the wild type “C” allele. 

 

Figure 3.4 – DNA sequencing electropherogram – p.R991X FLNC variant. 

DNA sequencing electropherogram showing the presence of the c.2971C>T; p.R991X FLNC 

variant in a DNA sample from an ACM patient compared to a control.   
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3.4.5 Family A and the GTPBP3 gene variant 

Ten members of family A were screened by WES. They included the proband, a 54-year-old 

female with a borderline diagnosis of ARVC (II:2). The pedigree for Family A is displayed in 

Figure 3.5A and a table displaying how individual family members fulfil ARVC Task Force 

diagnostic criteria is shown in Table 3.5. Variants that were common between the affected 

individuals of the family and not present in unaffected individuals were filtered as already 

described in this chapter. The filtering approach led to the identification of a missense variant 

(p.A34V) in the gene encoding the mitochondrial GTP binding protein 3 (GTPBP3) that 

segregated with ACM in this family.  This variant was confirmed by DNA sequencing. PCR 

conditions used for GTPBP3 confirmations were optimised using a gradient PCR programme 

as described in Materials and Methods in Chapter 2. Figure 3.5B displays the results of 

optimisation of PCR conditions for exon 2.  Figure 3.5C displays the DNA sequencing results 

and Table 3.6 shows the in silico prediction results for this variant. 
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Figure 3.5 - Co-segregation analysis of the p.A34V variant in GTPBP3 in Family A. 

A. Family pedigree, B. PCR optimisation C. DNA sequencing electropherogram. 

A. Family pedigree. 

 

Squares and circles indicate males and females respectively. Solid grey shading indicates a borderline diagnosis 

of ARVC and diagonal line shading indicates a possible diagnosis of ARVC according to the Task Force diagnostic 

criteria. The arrow indicates the proband. Genotypes of positive (+) and negative (−) family members for the 

GTPBP3 c.101C>T (p.A34V) variant are shown. 

 

Segregation analysis indicates that this variant co-segregates with disease in this family as it 

was present in affected individuals only. 

 

 

 

 

 

II:5 (+) 

III:3 (-) III:5 (-) III:6 (-)III:1 (+) III:2 (+) III:4 (-)

II:2 (+) 

I:1 (-) I:2 (+)

II:1 II:3 II:4 

Family A
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B. PCR optimisation. 

 Agarose gel electrophoresis of PCR amplicons for GTPBP3 exon 2 in various DNA samples and 

a negative control (NTC) at different annealing temperatures. The selected temperature for 

amplification of this fragment is 64.80C. 

 

 

 

 

 

 

 

 

C. DNA sequencing electropherogram.  

DNA sequencing confirmed the presence of the GTPBP3 c.101C>T; p.A34V variant in 

affected members of Family A. The wild type sequence is also shown. 
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Table 3.5 - Diagnosis, genotype and Task Force diagnostic criteria for family members in Family A. 

 
 

 

 

 

 

 

 

 

 

 

1=minor criteria, 2=major criteria, 0=no criteria met; FH=family history; PM=post mortem; -,not known. 

Table 3.6 - Bioinformatic analysis of the GTPBP3 p.A34V variant using electronic resources that predict protein function effects. 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; -, not known. Variant classification according to ACMG-AMP guidelines110 was 

performed as described in Chapter 2: Materials and Methods111 112 

     Task Force Diagnostic Criteria 
Family A No. Sex Age yrs GTPBP3 genotype ARVC diagnosis Structural Tissue Repolarisation Depolarisation Arrhythmias Family history 

I:1 M 77 WT Not Known N/A N/A N/A N/A N/A N/A 

I:2 F 77 p.A34V Possible 0 N/A 0 1 1 0 

II:2 F 54 p.A34V Borderline 0 N/A 2 0 1 0 

II:5 F 47 p.A34V Possible 0 N/A 1 0 1 0 

III:1 F 28 p.A34V Possible 0 N/A 0 0 1 1 

III:2 M 26 p.A34V Borderline 0 N/A 2 0 0 1 

III:3 M 20 WT Unaffected 0 N/A 0 0 0 1 

III:4 M 25 WT Unaffected 0 N/A 0 0 0 0 

III:5 F 21 WT Unaffected 0 N/A 0 0 0 0 

III:6 F 17 WT Unaffected 0 N/A 0 0 0 0 

cDNA change Amino acid change gnomAD frequency SIFT PolyPhen-2 Mutation 
TasterTaster 

ACMG 
Classificationclassification 

c.101C>T p.A34V Novel Tolerated Benign Polymorphism VUS 
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3.4.6 Family B and the VCL gene variant 

The proband, a 56-year-old female with a borderline ARVC diagnosis (I:2), and four members 

of Family B were screened by WES. The pedigree for Family B is shown in Figure 3.6A whilst 

Table 3.7 displays how individual family members fulfil Task Force diagnostic criteria for 

ARVC. WES data analysis led to the identification of a missense variant (c.950A>G; p.E317G) 

in the vinculin (VCL) gene that segregated with ACM in this family.  This variant was confirmed 

by DNA sequencing as shown in Figure 3.6 B. Table 3.8 shows the in silico prediction results 

for this variant. 

 

Figure 3.6 - Co-segregation analysis of the p.E317G variant in VCL in Family B. 

A. Family pedigree and B. DNA sequencing electropherogram. 

A. Family Pedigree 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid black 

shading indicates a definite diagnosis of ARVC and solid grey shading indicates a borderline diagnosis of ARVC 

according to the Task Force diagnostic criteria. The arrow indicates the proband. Genotypes of positive (+) and 

negative (−) family members for the VCL c.950A>G (p.E317G) variant are shown. 

 

II:1 (+) II:2 (-) II:3 (+) II:4 (+)

I:2 (+)I:1 I:3

Family B
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Segregation analysis of this variant indicates that the variant co-segregates with disease in 

this family as it was present in affected individuals only. 

B. DNA sequencing electropherogram.  

DNA sequencing confirmed the presence of the VCL c.950A>G; p.E317G variant in affected 

members of the Family B. The wild type sequence is also shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

VCL – c.950A>G; p.E317G            WT 
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Table 3.7 - Diagnosis, genotype and Task Force diagnostic criteria for family members in Family B. 

 

 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; -, not known. 

Table 3.8 - Bioinformatic analysis of the VCL p.E317G variant using electronic resources that predict protein function effects. 

 
 
 
 
 
 

Variant classification according to ACMG-AMP guidelines110 was performed as described in Chapter 2: Materials and Methods111 112.  

 

     Task Force Diagnostic Criteria 
Family 
B  No. 

Sex Age 
yrs 

VCL 
genotype 

ARVC 
diagnosis 

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

I:2 F 56 p.E317G Borderlin
e 

0 N/A 0 0 1 2 

II:1 M 34 p.E317G Borderlin
e 

0 N/A 0 1 0 2 

II:2 M 36 WT Possible 
(FH) 

0 N/A 0 0 0 2 

II:3 M Died 
22yrs 

p.E317G Definite  
(at PM) 

- - - - - - 

II:4 F 24 p.E317G Borderlin
e 

0 N/A 0 1 0 2 

cDNA change Amino acid 
change 

gnomAD 
frequency 

SIFT PolyPhen-2 Mutation 
Taster 

ACMG  
classification  

c.950A>G p.E317G novel Tolerated Probably 
damaging 

Disease 
causing 

VUS 
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3.4.7 Gene burden test results and identification of FLNC as a possible causal gene for ACM 

Novel and rare “functional” (non-synonymous, loss-of-function, splice site) variants were 

grouped by gene and counted in ACM cases and controls. Allele count in each candidate gene 

was compared with the control data (ExAC dataset for 60,706 individuals) using a gene burden 

test. The results suggested an excess of variants in the patient cohort in several genes.  

Table 3.9 shows the excess of novel and rare (MAF<0.1%) missense and loss-of-function (LOF) 

variants combined in ACM cases in comparison to ExAC controls for all genes. This table is 

likely to contain many false positive calls for reasons explained in detail in the Discussion. 

Table 3.10shows the excess of novel and rare (MAF<0.1%) missense (predicted as damaging 

by SIFT and PolyPhen-2) and LOF variants using the gene burden test between the ExAC and 

definite and borderline ACM samples. Table 3.11 shows the excess of novel and rare 

(MAF<0.1%) LOF variants in 120 ACM probands in comparison to ExAC controls for all genes. 

The results included several false positives but, after Integrative Genomics Viewer (IGV) 

analysis and DNA sequencing, these have been removed. It was decided that the p values 

would not be corrected for multiple testing (i.e. Bonferroni correction). This is because the 

Bonferroni corrected significance p value would have been <2.5x10-6 which only identifies 

FLNC, with a p value of 8.14x10-7, as having a significantly higher number of LOF variants in 

the disease population vs the control population. As we have a small sample size which can 

affect the p value, the corrected p value has not been applied throughout so as not to 

eliminate any important variants.  Table 3.12 shows the excess of novel and rare (MAF<0.1%) 

LOF variants in 120 ACM probands in comparison to ExAC controls in the set of 474 candidate 

cardiovascular genes. The corrected p value for multiple testing is <1.05x10-4. This again only 

identifies FLNC as statistically significant, highlighting FLNC as a strong novel candidate gene 

for ACM.  
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Table 3.9 - Gene burden test for missense and LOF variants in ACM probands and the ExAC population for all genes. 

 
*”CV gene” indicates a gene included in the 474 cardiovascular gene panel as defined in section 3.3.9 - Gene burden analysis. 

 
Gene  

 
Aliases 

Number of variants in 
cases (N=120) 

Number of variants in 
controls (N=60,706) 

p value for excess of 
variants (binomial test) 

 
CV gene* 

NOTCH2 Notch (Drosphila) Homolog 2 117 5525 2.91 x10-66 yes 
PTPRU Protein Tyrosine Phosphatase Receptor Type U 64 1792 4.17x10-50 no 
RARG Retinoic Acid Receptor Gamma 36 298 1.34x10-46 no 
ITSN1 Intersectin 1 52 1141 4.17x10-46 no 
CDKN2C Cyclin-dependent Kinase Inhibitor 2C 25 79 3.25x10-42 no 
KCNA2 Potassium Voltage-gated Channel Subfamily A Member 2 26 108 3.73x10-41 no 
SLC34A2 Solute Carrier Family 34 Member 2 39 666 6.03x10-39 no 
PANK4 Pantothenate Kinase 4 37 574 1.80x10-38 no 
GLB1 Galactosidase Beta 1 35 575 1.14x10-35 yes 
SLC27A4 Solute Carrier Family 27 Member 4 40 911 2.91x10-35 no 
VCL Vinculin 43 1249 1.32x10-33 yes 
CELF5 CUGBP, Elav-like Family Member 5 23 140 3.65x10-33 no 
MAGI1 Membrane Associated Guanylate Kinase, WW And PDZ Domain Containing 1 56 2597 4.87x10-33 no 
VHLL Von Hippel-Lindau Tumor Suppressor-Like 25 307 6.97x10-29 no 
STAC SH3 And Cysteine Rich Domain 28 461 7.76x10-29 no 
YPEL4 Yippee-Like 4 15 30 2.19x10-28 no 
TPI1 Triosephosphate Isomerase 1 31 694 6.51x10-28 no 
CDH20 Cadherin 20 32 777 1.02x10-27 no 
ST8SIA1 ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 1 24 323 6.69x10-27 no 
F13A1 Coagulation Factor XIII A chain 29 633 1.64x10-26 no 
CST11 Cystatin 11 23 294 2.52x10-26 no 
COL5A1 Collagen Type V Alpha 1 48 2544 3.87x10-26 yes 
CNNM4 Cyclin And CBS Domain Divalent Metal cation Transport Mediator 4 26 480 1.09x10-25 no 
GPR83 G Protein-Coupled Receptor 83 33 996 1.12x10-25 no 
ANKS1A Ankyrin Repeat And Sterile Alpha Motif Domain Containing 1A 36 1341 6.97x10-25 no 
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Table 3.10 - Gene burden test for LOF and missense variants that are classified as damaging /not tolerated by PolyPhen-2 and SIFT in the definite and 
borderline diagnosis ACM population. 

*”CV gene” indicates a gene included in *”CV gene” indicates a gene included in the 474 cardiovascular gene panel as defined in section 3.3.9 - Gene burden analysis.

Gene  Aliases Number of variants in cases (N=62)  Number of variants in 
controls (N=60,706) 

p value for excess of 
variants (binomial test) CV gene* 

RARG Retinoic Acid Receptor Gamma 35 48 4.10x10-80 no 
FCN3 Ficolin 3 42 167 7.47x10-80 no 
VCL Vinculin 42 231 1.55x10-74 yes 
PANK4 Pantothenate Kinase 4 35 132 1.58x10-67 no 
SLC34A2 Solute Carrier Family 34 Member 2 36 165 1.06x10-66 no 
PTGER1 Prostaglandin E Receptor 1 30 89 7.99x10-61 no 
GLB1 Galactosidase Beta 1 33 191 2.98x10-58 yes 
STARD10 StAR Related Lipid Transfer Domain Containing 10 26 80 1.43x10-52 no 
SLC27A4 Solute Carrier Family 27 Member 4 36 445 2.49x10-52 no 
CLN3 Ceroid lipofuscinosis, Neuronal 3 29 155 2.67x10-52 no 
ADH5 Alcohol Dehydrogenase 5 (Class III), Chi Polypeptide 30 241 3.68x10-49 no 
SASH1 SAM And SH3 Domain Containing 1 38 735 4.02x10-48 no 
AP3B1 Adaptor Related Protein Complex 3 Beta 1 Subunit 29 262 3.41x10-46 no 
MMS19 MMS19 Homolog, Cytosolic Iron-Sulfur Assembly 30 317 8.19x10-46 no 
PTK2 Protein Tyrosine Kinase 2 23 81 1.62x10-45 no 
TNK2 Tyrosine Kinase Non Receptor 2 37 794 2.61x10-45 no 
CNNM4  Cyclin And CBS Domain Divalent Metal cation Transport Mediator 4 23 89 1.08x10-44 no 
ATP13A1 ATPase 13A1 26 191 9.30x10-44 no 
PTPRU Protein Tyrosine Phosphatase, Receptor Type U 35 712 1.00x10-43 no 
SARDH Sarcosine Dehydrogenase 29 371 4.59x10-42 no 
HDAC10 Histone Deacetylase 10 28 319 5.29x10-42 no 
RNLS Renalase, FAD-Dependent Amine Oxidase 22 120 7.03x10-40 no 
TCEB1 Transcription Elongation Factor B Subunit 1 14 2 8.66x10-40 no 
BNIP3L BCL2/Adenovirus E1B 19kDa Interacting Protein 3-Like 16 15 2.84x10-39 no 
ABCB9 ATP Binding Cassette Subfamily B Member 9 25 278 6.36x10-38 no 
EVI5L Ecotropic Viral Integration Site 5 Like 18 65 8.86x10-36 no 
TBX5 T-Box 5 21 158 1.93x10-35 yes 
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Table 3.11 - Gene burden test for novel or rare LOF variants in ACM probands and the ExAC population for all genes. 

*”CV gene” indicates a gene included in the 474 cardiovascular gene panel as defined in section 3.3.9 - Gene burden analysis. 

Gene Aliases Number of variants in 
cases (N=120) 

Number of variants in 
controls (N=60,706) 

p value for excess of 
variants (binomial test) 

CV gene* 

FLNC Filamin C 3 5 8.14x10-07 yes 
CYP3A4 Cytochrome P450 Family Subfamily A Member 4 2 12 0.0005 no 
ARHGAP40 Rho GTPase Activating Protein 40 2 15 0.0008 no 
GPRC5D G Protein-Coupled Receptor Class C Group 5 Member D 2 15 0.0008 no 
IL17RB Interleukin 17 Receptor B 2 15 0.0008 no 
OR6P1 Olfactory Receptor Family 6 Subfamily P Member 1 3 71 0.0008 no 
GCOM1 GRINL 1A Complex Locus 1 2 16 0.0009 no 
TSPAN16 Tetraspanin 16 2 19 0.0012 no 
ZNF91 Zinc Finger Protein 91 2 19 0.0012 no 
TUBA3C Tubulin Alpha 3c 2 20 0.0013 no 
CCBL2 / KYAT3 Kynurenine Aminotransferase 3 2 21 0.0015 no 
STARD9 StAR Related Lipid Transfer Domain Containing 9 2 21 0.0015 no 
ZNF117 Zinc Finger Protein 117 2 21 0.0015 no 
PYGM Phosphorylase, Glycogen, Muscle 2 23 0.0017 yes 
ZNF383 Zinc Finger Protein 383 2 24 0.0019 no 
ANKDD1B Ankyrin Repeat And Death Domain Containing 1B 2 27 0.0023 no 
ZNF136 Zinc Finger Protein 136 2 27 0.0023 no 
ZNF160 Zinc Finger Protein 160 2 27 0.0023 no 
ARMC1 Armadillo Repeat containing 1 1 0 0.0024 no 
ATP1A3 ATPase Na+/K+ Transporting Subunit Alpha 3 1 0 0.0024 no 
CCNI2 Cyclin I Family Member 2 1 0 0.0024 no 
GATA6 GATA Binding Protein 6 1 0 0.0024 yes 
MDH1 Malate Dehydrogenase 1 0 0.0024 no 
PAK2 P21 Protein (Cdc42/Rac)-Activated Kinase 2 1 0 0.0024 no 
SRF Serum Respose Factor 1 0 0.0024 yes 
TBC1D3 TBC1 Domain Family Member 3 1 0 0.0024 no 
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Table 3.12 - Gene burden test for LOF variants in candidate cardiovascular genes in ACM probands and the ExAC population. 

 
 

Gene  
 

Aliases 
Number of 

variants in cases 
(N=120) 

Number of variants 
in controls 
(N=60,706) 

p value for excess 
of variants 

(binomial test) 
FLNC Filamin C 3 5 8.14x10-7 
PYGM Phosphorylase, Glycogen, Muscle 2 23 0.0017 
GATA6 GATA Binding Protein 6 1 0 0.0024 
SRF Serum Respose Factor 1 0 0.0024 
LMF1 Lipase Maturation Factor 1 2 41 0.0051 
CTF1 Cardiotrophin 1 1 3 0.0098 
TTN Titin 3 205 0.0150 
TGFBR3 Transforming Growth Factor Beta Receptor 3 1 7 0.0194 
MYOZ1 Myozenin 1 1 13 0.0337 
MYBPC3 Myosin Binding Protein C, Cardiac 1 14 0.0361 
AARS2 Alanyl-TRNA Synthetase 2, Mitochondrial 1 20 0.0502 
PKP4 Plakophilin 4 1 24 0.0594 
TRDN Triadin 1 47 0.1110 
ABCA1 ATP Binding Cassette Subfamily A Member 1 1 48 0.1132 
WRN Werner Syndrome RecQ Like Helicase 1 52 0.1218 
ADD1 Adducin 1 1 86 0.1921 
GAA Glucosidase Alpha, Acid 1 93 0.2058 
MCTP2 Multiple C2 Domains, Transmembrane 2 1 101 0.2212 
ESR2 Estrogen Receptor 2 1 103 0.2250 
TRPM4 Transient Receptor Potential Cation Channel Subfamily M Member 4 2 428 0.283691196 
KCNJ12 Potassium Voltage-Gated Channel Subfamily J Member 12 1 623 0.783399775 
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3.4.8 Identification of FLNC variants 

The gene burden test identified enrichment of FLNC variants (3 nonsense variants in 3 

probands) in the ACM cases compared to controls. Subsequently we identified an additional 

7 FLNC variants within our gene negative proband population (Table 3.13). In total, WES 

identified 7 novel and 3 rare FLNC variants in the 120 ACM probands. All FLNC variants have 

been confirmed by DNA sequencing.   

Table 3.13 – FLNC variants identified in the ACM patient cohort. 

 

 

 

 

 

Family ID and 
No. 

ARVC diagnosis 
Variant 

ExAC 
frequency gnomAD frequency 

Family C 
II.2 (Proband) 

Definite 
p.R991X Novel Novel 

Family D 
III.6 (Proband) 

Borderline 
p.R482X Novel Novel 

Family E 
III.1 (Proband) 

Borderline 
p.L1573X Novel Novel 

Family F 
II.2 (Proband) 

Possible 
c.7252-1G>A Novel Novel 

Family G 
II.3 (Proband) 

Definite 
p.59_62DLQRdel Novel Novel 

Family H 
II.3 (Proband) 

Possible 
p.Q2058R Novel Novel 

Family I 
II.2 (Proband) 

Possible 
p.K2260R 4.6x10-5 4.554x10-5 

Family J 
II.2 (Proband) 

Definite 
p.I1882V 0.0009614 0.001122 

Family K 
II.1 (Proband) 

Definite 
p.I714T Novel Novel 

Index case L Borderline p.R727H 0.0003513 0.00372 
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3.4.9 CNV results 

Identified CNVs relevant to cardiovascular disease are displayed in Table 3.14.  The CNVs were 

detected in single individuals except for those in ANKRD1 which were present in 25 

individuals.  

 

Table 3.14 - CNV results in known cardiovascular disease genes. 

 

CNVs in ANKRD1 were also present in the ExAC database but at a much lower frequency (~18 

in 60,000), (Figure 3.7), indicating an enrichment of ANKRD1 CNVs in our cohort.  

Figure 3.8 shows a CNV deletion in exon 4 of the ANKRD1 gene in a patient sample based on 

read count ratio observed/expected. 

 

 

Gene Encoded protein Associated phenotype CNV type Number of affected 
exons 

Individuals 
identified 
with CNV 

CACNA2D1 Calcium Voltage-Gated 
Channel Auxiliary 

Subunit Alpha2delta 1 

Short QT syndrome131 
Brugada Syndrome132 

deletion 8 (exons 25-32) 1 
deletion 24 ( exons 8 -31) 1 

duplication 3 (exons 29-31) 1 
CALR3 Calreticulin 3 Hypertrophic 

cardiomyopathy133 
deletion 5 (exons 1-5) 1 

MYH6 Myosin Heavy Chain 6 Dilated cardiomyopathy134, 
Hypertrophic 

cardiomyopathy135 

duplication 38 (exons 3-40) 1 

DMPK DM1 Protein Kinase Myotonic dystrophy Type 1136, 
 Cardiac conduction 

disorders94 

deletion 3 (exons 1-3) 1 

NEXN Nexilin F-Actin Binding 
Protein 

Dilated cardiomyopathy137, 
Hypertrophic 

cardiomyopathy138 

duplication 10 (exons 2-11) 1 
duplication 4 (exons 3-6) 1 

ANKRD1 Ankyrin Repeat 
Domain 1 

Dilated cardiomyopathy139 deletion  2 (Exons 3-4) 12 
duplication 2 (Exons 3-4) 8 

deletion  1 (Exon 4) 4 
duplication 1 (Exon 4) 1 
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Figure 3.7 - CNV counts for ANKRD1 in the ExAC database102.  

Diagram showing the number of CNVs in the ANKRD1 gene per exon in the ExAC cohorts. 

Those in exons 3 and 4 are indicated.  

Figure 3.7 shows the CNV counts for ANKRD1 in the ExAC database. In total, ExAC lists 11 

duplications (brown) and 6 deletions (red) in exon 3 and 12 duplications (brown) and 6 

deletions (red) in exon 4. 

Figure 3.8 - CNV analysis of the ANKRD1 gene using the Exome Depth package showing 

deletion of exon 4 in an ACM patient. 

Note that the observed/expected read ratio for exon 4 is below 0.5 indicating a heterozygous 

deletion of this region in ANKRD1. 
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3.5 Discussion 

This study used whole exome sequencing to investigate a cohort of 120 ACM patients who 

were negative for 41 genes implicated in cardiomyopathies and arrhythmia syndromes aiming 

to identify novel causal genes for the disorder (Appendix Table 1). Samples from a further 90 

family members were collected and also underwent WES increasing the total cohort to 210 

samples.  For the analysis of this sequencing data two distinct but complimentary approaches 

were adopted: 

a. analysis of exomes of related individuals within specific families in order to identify 

potentially causal variants shared by all affected individuals but not present in their 

unaffected relatives. 

b. gene burden analysis on the ACM cohort and the ExAC dataset in order to identify 

genes in which there is an excess of variants in patients compared to controls. 

Both types of analysis were carried out on the entire exome as well as on a subset of 

cardiovascular genes which were selected based on their known involvement in 

cardiovascular disease or their high expression levels in cardiac tissue. This was based on the 

assumption that such CV genes may represent strong causal candidates for arrhythmogenic 

cardiomyopathy. This data was also analysed for CNVs which are known to be implicated in 

inherited cardiovascular conditions129. 

 Family A shows complete segregation of the GTPBP3 variant p.A34V with the disease 

phenotype (Figure 3.5). When classified based on the 2010 Task Force diagnostic criteria the 

family members positive for this variant tend to have either repolarisation (3 out of 5) or 

arrhythmia (4 out of 5) clinical features correlating to their overall ACM phenotype (Table 

3.5).  
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GTPBP3 has been associated with mitochondrial disease. It is implicated in the modification 

of mitochondrial tRNA67 68. The majority of individuals with mutations in this gene develop 

neurological signs. However, Kopajtich et al reported that 9/11 patients with mutations in 

GTPBP3 also developed hypertrophic cardiomyopathy68. This highlights the wide array of 

conditions that mitochondrial mutations can cause. Although the exact mechanism as to how 

GTPBP3 mutations affect gene function is not completely understood, it is thought that 

mutant GTPBP3 results in failure of mitochondrial tRNA nucleotide modification which, in 

turn, leads to many mitochondrial diseases69. In relation to cardiomyopathy it is a 

mitochondrial translational defect that appears to occur with GTPBP3 mutations which has 

been linked with HCM, lactic acidosis and encephalopathy69, 68. Our family, however, does not 

show clinical signs of mitochondrial disease, therefore it is not clear if this gene variant in 

isolation can be causing arrhythmogenic cardiomyopathy without mitochondrial clinical signs. 

Table 3.6 displays the in silico analysis of GTPBP3 variant p.A34V using SIFT, PolyPhen-2 and 

Mutation Taster. These programmes have predicted this variant to be tolerated, benign and 

a polymorphism respectively. This would suggest that p.A34V is not pathogenic and may be 

unrelated to the observed cardiac phenotype in this pedigree. Affected family members in 

Family A fulfil Task Force criteria for borderline or possible diagnosis (but not definite ARVC) 

so it is also possible, though unlikely, the variant may cause a less severe form of disease. 

Family B shows segregation of the p.E317G variant in VCL (Figure 3.6) with disease.  According 

to the 2010 Task Force diagnostic criteria those family members that are affected by ACM 

and carry the VCL variant either have depolarisation changes (2/3) or arrhythmias (1/3) as 

shown in Table 3.7. 
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Vinculin is a costameric/membrane associated protein found at adherens junctions and in 

focal adhesions and is involved in connecting the actin cytoskeleton to the sarcolemma70 71. 

Disruption of costameric proteins and adhesion junctions is thought to be the cause of 

myocardial remodelling which affects cardiac function in cardiomyopathy as the connection 

between the actin cytoskeleton and extracellular matrix becomes disrupted71.  

VCL variants have been found to be associated with HCM, DCM and RCM72-74. VCL is also 

involved as an intermediary in the connection between intergrins and actin filaments. 

Furthermore, as well as having a structural role, VCL also plays a role in signalling as part of 

the integrin mediated focal adhesion kinase pathway71.  This would support VCL being 

identified as a potential candidate gene in ACM. Table 3.8 displays the in silico analysis of VCL 

variant p.E317G using SIFT, PolyPhen-2 and Mutation Taster. These have classified this variant 

as tolerated, probably damaging and disease causing respectively. Conflicting results are 

frequently produced by these in silico programmes and consequently their predictions for the 

functional effect of the p.E317G variant are inconclusive. On the other hand, there is evidence 

of segregation of this variant with disease as in Family B gene-positive individuals fulfil 

diagnostic criteria: living affected members have a borderline diagnosis and the only definite 

case of ARVC was diagnosed at post mortem.  However, this could also be by chance as the 

size of this family is relatively small. 

The gene burden analysis results have shown an excess of novel and rare (MAF<0.1%) 

missense and LOF variants combined in ACM cases in comparison to ExAC controls for a large 

number of genes (Table 3.9). It is likely that this table may contain many false positive calls. 

This may be due to not fully optimised variant calling methods between cases and controls, a 
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possible polygenic effect causing ACM or many neutral variants being present in the genes 

and impacting on the results. 

Gene burden test results for LOF variants in the whole exome and candidate cardiovascular 

genes (Tables 3.11 and 3.12 respectively) were corrected for multiple testing (i.e. Bonferroni 

correction). After the correction, the p value for only one gene, FLNC, remained statistically 

significant in both datasets. This strongly suggests that FLNC is a potential candidate for a 

novel ACM causing gene. 

Filamin C Gamma (FLNC) is expressed in striated muscle where it interacts with the actin 

cytoskeleton and is thought to work within the sarcomere providing stability and signalling 

functions61. It has previously been associated with cardiomyopathies, namely familial 

hypertrophic cardiomyopathy62 along with restrictive cardiomyopathy63.  

Rare and novel LOF variants identified in our ACM cohort by gene burden analysis are shown 

in Table 3.11. The same is shown for only the candidate cardiovascular genes in Table 3.12.  

These tables list a large number of genes of which in both cases only FLNC is statistically 

significant. Even though it is still important to evaluate all the other genes listed, confirming 

a possible link between a novel gene and cardiac disease is very difficult, partly because of 

the small sample size in this study. Furthermore, gene burden results on all exome loci 

identified many genes without a clear mechanism as to how they could cause a cardiac 

phenotype, so it was unclear if they could be responsible for an ARVC phenotype. For 

example, the second most significant gene hit after filamin C for rare and novel LOF variants 

was CYP3A4 (Table 3.11). This gene encodes cytochrome P450 family 3 subfamily A Member 

4 which is a ubiquitously expressed protein involved in drug metabolism and synthesis of 
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cholesterol, steroids and other lipids. It is unlikely that a mutated CYP3A4 would result in a 

cardiac specific phenotype. 

By completing the gene burden analysis for cardiovascular genes only (Table 3.12) we 

concentrated on a set of genes which are more likely to link to cardiac disease. Table 3.12 is 

therefore the most comprehensive list of candidate LOF variants for our ACM cohort. 

Gene burden results in Tables 3.9-3.12 show a large number of genes because the p value has 

not been corrected for multiple testing. Applying the Bonferroni correction for multiple 

testing would mean that only candidate cardiovascular genes with p<1.05x10-4 (Table 3.12) 

and when analysing all genes only gene hits with a p<2.5x10-6 (Table 3.11) would be taken 

into consideration and consequently only FLNC would remain. Due to the fact that this study 

has a small sample size, a limitation known to affect the p value, it was decided not to apply 

this strict correction in case potentially important variants were eliminated in the process. 

One consequence of this, however, is that there is a larger number of genes to sort through 

which may not be necessarily relevant to ACM. 

CNVs have also been identified as a causal factor in arrhythmogenic cardiomyopathy. Pilichou 

et al recently identified CNVs in 7% (11/160) of their gene negative patient cohort, nine in 

PKP2 and two in cardiac cadherin genes78. 

Table 3.14 shows CNVs in the ankyrin repeat domain 1 (ANKRD1) gene occurring in 25 

individuals within our whole 210 gene negative cohort. This large number of carriers and the 

fact that CNVs in ANKRD1 are also present in the ExAC population may indicate that such 

variants are too frequent to be considered pathogenic. ANKRD1 is a stress response protein 

that is cardiac specific. It has been found to be increased in both heart failure and 

cardiomyopathy and is suggested to be involved in cardiac remodeling140.  ANKRD1 mutations 
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have been previously associated with DCM139 and HCM141 and, therefore, this gene may also 

play a role in the pathogenicity of ACM. The CNVs identified in this study involved exons 3 

and 4 of ANKRD1 which correspond to the binding domain area of the protein that interacts 

with desmin (Figure 3.9)140.  

Figure 3.9 - Structure of ANKRD1 and its binding proteins (diagram from Ling et al. 2017) 140. 

The ANKRD1 protein is known to interact with a number of binding partners including desmin. 

 

Desmin has previously been associated with cardiomyopathies, therefore a mutation or CNV 

affecting the interactions between this protein and ANKRD1 could potentially result in cardiac 

remodeling and, consequently, lead to a cardiomyopathy phenotype.  

CNVs reported in this chapter have not been confirmed by a second method such as Multiplex 

Ligation-dependent Probe Amplification (MLPA). This is a multiplex PCR method able to 

distinguish abnormal copy number sequences differing by a single nucleotide142. However, 

MLPA probes for ANKRD1 are not commercially available and their design and optimisation 

for use in ACM samples was beyond the scope of this thesis. Two other methods for studying 

copy number variation are quantitative Polymerase Chain Reaction (qPCR) and Array 

Comparative Genomic Hybridization (Array CGH)143. Future experiments using such methods 

could determine the exact location and size of CNVs identified in the patient cohort. This will 
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establish their precise functional consequence on ANKRD1 as well as the other CV genes listed 

in Table 3.14.  

 

3.6 Conclusion and limitations 

 

3.6.1 Conclusion 

 

In conclusion, this work identified three candidate genes GTPBP3, VCL and FLNC as potentially 

associated with ACM. Identification of FLNC LOF and missense variants in 10 ACM probands 

indicates that variants in FLNC account for the majority of unexplained ACM cases.  Further 

family analysis and functional studies such as in vivo experimental models of these FLNC 

variants are critical to determine whether they are genuinely pathogenic. GTPBP3 and VCL 

may be potential genes implicated in ACM, however, we have only identified these co-

segregating in single families. Further evidence is required to establish whether these genes 

are indeed linked to ACM. 

 

3.6.2 Limitations 

 

One of the difficulties of this study was being able to associate the identified genetic variants 

with multiple aspects of the ACM phenotype. This hindered attempts to define meaningful 

genotype-phenotype correlations and establish whether variants in GTPBP3 and VCL can 

cause ACM. A more in-depth analysis of the patients’ phenotype in relation to the identified 

variants (deep phenotyping) could determine associations between specific clinical features 

and genotype. In addition, problems were encountered during segregation analysis which are 
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typical of studying cardiomyopathy pedigrees. In particular, ACM families are usually of small 

size and are characterised by variable phenotypic expression and incomplete penetrance. This 

study highlights the difficulties in studying ACM families both clinically and genetically. The 

gene burden test is more statistically powerful than any single variant association test, 

however, its success also heavily depends on the case/control sample size and the frequency 

of pathogenic variants in the cohort of cases. Therefore, this study although to our knowledge 

is the largest of its kind, is likely to be underpowered to detect any ACM-causing genes that 

acquire less variants than the identified FLNC gene. A larger study or meta-analysis with other 

WES ACM studies can increase the power of detecting rare causes of the disease. The control 

cohort (ExAC) also has limitations as the data was produced using different bioinformatic 

processing methods than our patient population (as described in Materials and Methods, 

Chapter 2). The ExAC is a collection of data from individuals of diverse ethnic backgrounds 

which is also likely to influence the success of examining the excess of missense variants in 

cases vs controls which in our study didn’t produce meaningful results. 

 
 

 

 

 

 

 

 

 

 



 
 

 132 

CHAPTER 4: Identification of FLNC as a causal gene in ACM 

 

4.1 Introduction 

As detailed in the introductory chapter of this work filamin C (FLNC) is an important 

intercalated disc protein which has already been associated with human cardiomyopathies; 

familial hypertrophic cardiomyopathy62, restrictive cardiomyopathy63, dilated 

cardiomyopathy64 and more recently an arrhythmogenic form of DCM44 60.  

Vorgard et al first identified a FLNC variant causing myofibrillar myopathy in a large German 

family in 2005144. Many FLNC variants have since been associated with skeletal myopathies, 

in particular myofibrillar myopathy 5 and distal myopathy 4. Many of these studies on 

skeletal myopathies have reported some patients with cardiac phenotypes including Duff et 

al. (2011) who detected a missense mutation causing distal myopathy 4 in an Italian family 

of five, in which two out of the four patients examined also had cardiomyopathy145. In 2006 

Dalkilic et al showed how an absence of FLNC impacted on skeletal muscle with a FLNC knock-

out mouse. Although mutant mice died shortly after birth they displayed reduced muscle 

mass and primary fibers. Histology experiments with affected muscle samples showed a loss 

of striated staining for sarcomeric proteins indicating disorganisation of the muscle fibers146.  

However, it was not until 2014 that Valdes-Mas et al identified various missense variants and 

a premature termination variant in families with HCM62. In the same year Golbus et al after 

testing WGS sensitivity in 11 unrelated DCM patients147 reported on a FLNC splicing variant 

in one subject with DCM which was thought to be pathogenic.  Brodehl et al later identified 

two missense variants in two unrelated families with RCM63 and Begay et al identified two 

DCM-causing splice mutations, one in an American family and one in an Italian family, both 

using WES64.  Further FLNC variants have been published by Ortiz-Genga et al in 2016 who 
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reported 23 mutations in RCM and DCM patients with an arrhythmogenic presentation, only 

two of which were previously known44.  The association of filamin C variants and 

arrhythmogenic forms of cardiomyopathy was further strengthened by Begay et al who 

detected one frameshift, two termination and three splicing variants in arrhythmogenic DCM 

patients60. 

In the last few years a number of studies reported additional FLNC variants as causative in 

both skeletal and cardiac myopathies148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159. FLNC 

mutations are distributed throughout the gene and there does not seem to be a particular 

pattern with respect to mutation location and the resulting phenotype. A list of the reported 

mutations in FLNC are shown in Tables 4.1 and 4.2.   

 

Table 4.1 - A list of the reported mutations in FLNC causing skeletal disease. 

 

 

 

Variant Disease association Reference 

p.W2710* Myofibrillar Myopathy 5 144,160 

p.V930-T933del Myofibrillar Myopathy 5 161 

p.T2419M Myofibrillar Myopathy 5 162 

p.K899-V904del/V899-C900ins Myofibrillar Myopathy 5 163 

p.Y1216N Myofibrillar Myopathy 5 149 

p.931-935del Myofibrillar Myopathy 153 

p.M222V Distal Myofibrillar Myopathy 158 

p.M251T Distal Myopathy 4 145 164 

p.A193T Distal Myopathy 4 145, 165 

p.F1720LfsX63 Distal Myopathy 4 166 

p.G1722VfsTer61 Distal muscular dystrophy 150 
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Table 4.2 - A summary of the reported mutations in FLNC causing cardiomyopathy. 

Variant Disease association Reference 

p.A1539T Hypertrophic Cardiomyopathy 62 151 

p.H2315N Hypertrophic Cardiomyopathy 62 151 

p.V123A Hypertrophic Cardiomyopathy 62 151 

p.E108* Hypertrophic Cardiomyopathy 62 151 

p.N290K Hypertrophic Cardiomyopathy 62 151 

p.R2133H Hypertrophic Cardiomyopathy 62 151 

p.G2151S Hypertrophic Cardiomyopathy 62 151 

p.A2430V Hypertrophic Cardiomyopathy 62 151 

p.P1031L Hypertrophic Cardiomyopathy 151 

p.E1408D Hypertrophic Cardiomyopathy 151 

p.T1599A Hypertrophic Cardiomyopathy 151 

p.T1681M Hypertrophic Cardiomyopathy 151 

p.L1690F Hypertrophic Cardiomyopathy 151 

p.N1843S Hypertrophic Cardiomyopathy 151 

p.R2045Q Hypertrophic Cardiomyopathy 151 

p.R2140Q Hypertrophic Cardiomyopathy 151 

p.P2298S Hypertrophic Cardiomyopathy 151 

p.P2301A Hypertrophic Cardiomyopathy 151 

p.R2318W Hypertrophic Cardiomyopathy 151 

p.V2375F Hypertrophic Cardiomyopathy 151 

p.S1624L Restrictive Cardiomyopathy 63 

p.I2160F Restrictive Cardiomyopathy 63 

p.V2297M Restrictive Cardiomyopathy 167 

c.4927+1delG Restrictive Cardiomyopathy 44 

p.A1186V Restrictive Cardiomyopathy and Myopathy 156 

P.A1183L Restrictive Cardiomyopathy and Myopathy 156 

p.P2298L Restrictive Cardiomyopathy 159 

p.Y2563C Restrictive Cardiomyopathy 159 

c.5669-1delG Dilated cardiomyopathy 64 

c.3791-1G>C Dilated cardiomyopathy 44 147 

p.R2326* Dilated cardiomyopathy 44 152 

p.S2077Rfs*50 Dilated cardiomyopathy 44 

c.3791-1G>A Dilated cardiomyopathy 44 

p.P2081Lfs*2 Dilated cardiomyopathy 44 

p.L194Pfs*52 Dilated cardiomyopathy 44 

p.G201Vfs*36 Dilated cardiomyopathy 44 

p.K737Sfs*11 Dilated cardiomyopathy 44 
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LD ACM, left dominant arrhythmogenic cardiomyopathy 

 

As research into FLNC has progressed in recent years, multiple studies have shown that the 

phenotype in patients with cardiomyopathy caused by truncating FLNC variants has an 

arrhythmogenic component which is absent in cases with a solely neurological/skeletal 

p.P963Rfs*26 Dilated cardiomyopathy 44 

p.F1135Afs*62 Dilated cardiomyopathy 44 

c.3965-2A>T Dilated cardiomyopathy 44 

p.D2703Tfs*69 Dilated cardiomyopathy 44 

c.5539+1G>C Dilated cardiomyopathy 44 

p.N1369Kfs*36 Dilated cardiomyopathy 44 

p.G2070S Dilated cardiomyopathy 44 

p.F1626Sfs*40 Dilated cardiomyopathy 157 

c.2389+1G>A Dilated cardiomyopathy 155 

c.2266-1G>T Dilated cardiomyopathy 152 

c.601+1G>T Dilated cardiomyopathy 152 

p.V2331Rfs*25 Dilated cardiomyopathy 152 

p.R1354* Dilated cardiomyopathy 152 

p.E1104* Dilated cardiomyopathy 152 

p.Y630* Dilated cardiomyopathy 152 

p.Q39* Dilated cardiomyopathy 152 

p.L77Pfs*73 Dilated cardiomyopathy 152 

p.F106L and p.R991* Compound Heterozygosity - DCM 148 

c.7251+1G>A Dilated cardiomyopathy/LD ACM 44 64 152 

c.4127+1delG Dilated cardiomyopathy/LD ACM 44 

p.Y83* LD ACM 44 

p.R81Afs*15 LD ACM 44 

p.Q572* LD ACM 44 

c.4580+1G>T LD ACM 44 

p.G1800* LD ACM 44 

p.G1891Vfs*61 Arrhythmogenic DCM 60 

p.Q707X Arrhythmogenic DCM 60 

p.K977fs Arrhythmogenic DCM 60 

p.Y2381Gfs Arrhythmogenic DCM 60 

p.G1264fs Arrhythmogenic DCM 60 

p.R269X Arrhythmogenic DCM 60 

p.P2513Efs12 Cardiac Arrhythmia 154 
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presentation. Having identified FLNC as a potential causative gene in our ACM population 

we, therefore, decided to investigate the associated phenotype in greater detail.  

 

4.2 Aim of study 

To perform cascade genetic screening and clinical evaluation of the probands and family 

members identified as carrying FLNC variants and investigate the phenotype associated with 

FLNC cardiomyopathy. 

 

4.3 Methods Used  

See Materials and Methods in Chapter 2 for the following: DNA extraction, whole exome 

sequencing library preparation, polymerase chain reaction (PCR), agarose gel electrophoresis, 

sequencing and clinical evaluation. 

 

4.4 Results 

4.4.1 Patient population 

Ten probands with potentially pathogenic variants in filamin C were identified in a 120 gene-

negative ACM cohort (i.e. cases with no identified pathogenic variants in the known causative 

ACM genes) as described in Chapter 3 (Section 3.3.1). In total, we collected samples from 28 

family members to perform co-segregation studies, genetic and clinical evaluation in 9 

families. The original 120 gene-negative population consisted of individuals who fulfilled 

definite, borderline and possible diagnostic criteria for ARVC25. In some pedigrees a diagnosis 

of possible ARVC for index cases was not attributed to clinical criteria but to family history as 
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there was at least one individual with SCD in their families. As a result, these probands who 

could have been truly unaffected, were classified as “possible ARVC cases” as family history 

is recognised as diagnostic criterion for ARVC.25 This is a known limitation of the current 

diagnostic criteria for the disorder which can occasionally hinder reliable segregation studies 

in ARVC pedigrees. 

4.4.2 FLNC as a causal gene for ACM 

WES identified 7 novel and 3 rare FLNC variants within the 120 proband population as shown 

in Table 3.10 in Chapter 3. The location of these variants within the different domains of the 

FLNC protein is displayed in Figure 4.1. Probands were contacted to recruit further family 

members. Pedigrees were created for nine families with FLNC variants and additional DNA 

samples were collected from family members of seven families with FLNC variants for co-

segregation analysis.  In-depth phenotype analysis was available in four families with LOF 

variants, one family with an in-frame deletion, two families with missense variants and a total 

of nine probands. 

FLNC variants identified by WES were confirmed by DNA sequencing in probands and family 

members. Primer pairs used for PCR amplification of the filamin C gene are listed in Table 2.2 

in Materials and Methods (Chapter 2). As an example, agarose gel electrophoresis results for 

amplicons corresponding to FLNC exons 20, 41 and 37 are displayed in Figure 4.2. The 

identified variants in each exon are p.R991X (Family C), p.Q2058R (Family H) and p.K2260R 

(Family I) respectively. 
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Figure 4.1 - A diagrammatic representation of the FLNC protein showing the variants identified in ACM patients and their location. 

Variants identified in the ACM cohort are located throughout the FLNC gene affecting key domains as such the actin binding domain, rod 1 and 2. 

 

 

 

 

Actin 
Binding 
Domain

Rod 1 Hinge 1 Rod 2 Hinge 2

Dimerisation 
domain

CH1 CH2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

p.R482*p.59_62DLQRdel p.I714T
p.R727H

p.R991* p.L1573*
p.I1882V

p.Q2058R

p.K2260R

c.7252-1G>A
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Figure 4.2 - Agarose gel electrophoresis results for various FLNC exons.  
Image showing PCR amplicons for FLNC exons 20, 41 and 37 for various DNA samples. 
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Table 4.3 - Demographics and Task Force diagnostic criteria of ACM probands with FLNC variants. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

ID FLNC 
genotype 

Age at 
report, 

yrs 
Sex 

Task Force Diagnostic Criteria 
 

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

Diagnosis 

Family C 
II.2 

p.R991X 76 F 0 0 0 1 1 2 Definite 

Family D 
III.6 

p.R482X 50 F 0 N/A 0 0 1 2 Borderline 

Family E 
III.1 

p.L1573X 54 M 1 N/A 0 0 2 0 Borderline 

Family F 
II.2 

c.7252-
1G>A 

62 M 0 N/A 0 0 0 2 Possible 
(FH) 

Family G 
II.3 

p.59_62DL
QRdel 

68 F 2 N/A 1 1 1 0 Definite 

Family H 
II.3 

p.Q2058R 67 F 0 N/A 0 0 0 2 Possible 
(FH) 

Family I 
II.2 

p.K2260R 74 F 0 N/A 0 0 0 2 Possible 
(FH) 

Family J 
II.2 

p.I1882V 76 M 2 N/A 0 1 0 2 Definite 

Family K 
II.1 

p.I714T 64 M 2 N/A 2 0 1 0 Definite 

Index 
Case L 

p.R727H 68 F N/A N/A N/A N/A N/A N/A Borderline 
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4.4.3 Family analysis for FLNC LOF variants 

 

This work identified ten potentially pathogenic FLNC variants of which four (3 premature 

termination and one splice site variant) were radical. (Table 4.4) 

 

Table 4.4 - Identified FLNC loss-of-function variants. 

Variant classification according to ACMG-AMP guidelines110 was performed as described in Chapter 2: Materials 

and Methods111 112 

*predicted effect on exon splicing by HSF, NETGENE2 and BDGP described in detail on page 153. 

 

Pedigrees and clinical characteristics of individuals carrying LOF variants in FLNC are shown in 

Figures 4.3 - 4.6 and Tables 4.5 – 4.9. In the families shown in these figures there were four 

sudden cardiac death cases which had ARVC confirmed at post mortem with the age of death 

ranging from 20 years to 71 years and a mean age of 34.5 years. 

 

 

 

 

 

 

 

Individual ID ARVC 
diagnosis 

FLNC cDNA 
change 

FLNC amino 
acid change 

ExAC and gnomAD 
frequency 

ACMG 
classification 

Family C II:2 Definite c.2971C>T p.R991X Novel Pathogenic 
Family D III.6 Borderline c.1444C>T p.R482X Novel Pathogenic 
Family E III:1 Borderline c.4718T>A p.L1573X Novel Pathogenic 
Family F II:2 Possible 

(FH) 
c.7252-1G>A Predicted 

abnormal exon 
splicing* 

Novel Pathogenic 
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Figure 4.3 - Co-segregation analysis of the p.R991X variant in FLNC in Family C  

A. Pedigree, B. DNA sequencing electropherogram C. MRI for family member IV-1. 

A. Family Pedigree 

 

 

 

 

 

 

 

 

 

 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid black 

shading indicates a definite diagnosis of ARVC, solid grey shading indicates a borderline diagnosis of ARVC and 

diagonal line shading indicates a possible diagnosis of ARVC according to the Task Force diagnostic criteria. The 

arrow indicates the proband. Genotypes of positive (+) and negative (−) family members are also indicated. // - 

this indicates seperation or divorce. 
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ALVC at PM

SCD 59 yrs
I:2I:1

II:1 II:2 (+) II:3

III:1 III:2 (+) III:3 III:4 III:5 (-)

IV:1 (+) IV:2 (+) IV:3 (-)

Family C
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B. DNA sequencing electropherogram.  
 

DNA sequencing was used to confirm the genotypes for Family C members for the 

FLNC p.R991X variant which was originally detected by WES. The wild type sequence is also 

shown. 

 
 
 

 
 
 
 

 

 

 

C. Cardiac MR images from individual IV:1. 

Two-chamber view of the left ventricle (left image) and short axis view (right image) showing 

basal lateral subepicardial late gadolinium enhancement (white arrows). 
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Table 4.5 - Demographics and Task Force diagnostic criteria for Family C. 

 

 

 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

Figure 4.3 shows variant p.R991X which appears to partially segregate with disease in this pedigree. Although  individual IV:2 does not show 

signs of ACM and is a carrier of this variant, they are only 18 years old and may not have yet displayed the phenotype associated with the gene 

variant. 

 

 

 

    Task Force Diagnostic Criteria  
ID Sex Age at 

report, yrs 
FLNC 

genotype 
Structural Tissue Repolarisation Depolarisation Arrhythmias Family 

history 
Diagnosis 

SCD M 20 N/A N/A N/A N/A N/A N/A N/A Definite by 
PM 

II:2 F 76 p.R991X 0 N/A 0 1 1 2 Definite 
III:2 F 44 p.R991X 0 N/A 0 0 1 2 Borderline 
III:5 M 47 WT 0 N/A 0 0 0 2 Possible (FH) 
IV:3 M 21 WT 0 N/A 0 0 0 2 Possible (FH) 
IV:1 F 20 p.R991X 0 N/A 0 0  1 1 Possible 
IV:2 F 18 p.R991X 0 N/A 0 0 0 1 Unaffected 
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Figure 4.4 - Co-segregation analysis of the p.R482X variant in FLNC in Family D 

A. Pedigree, B. DNA sequencing electropherogram. 

A. Family Pedigree 
 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid 

black shading indicates a definite diagnosis of ARVC, solid grey shading indicates a borderline diagnosis 

of ARVC and diagonal line shading indicates a possible diagnosis of ARVC according to the Task Force 

diagnostic criteria. The arrow indicates the proband. Genotypes of positive (+) and negative (-) family 

members are also indicated. 
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Family D
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B. DNA sequencing electropherogram.  
 

DNA sequencing was used to confirm the genotypes for Family D members for the 

FLNC p.R482X variant which was originally detected by WES. The wild type sequence is also 

shown. 

 

 

 

 
 
 
 
 
 
 

 

 

 

 

 

Figure 4.4 shows variant p.R482X which appears to partially segregate with ACM in this family. 

There is one gene positive family member (III:3) who appears unaffected according to the 

current Task Force diagnostic criteria. This may be due to incomplete penetrance as they do 

have non-diagnostic abnormalities on cardiac MRI. 
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Table 4.6 - Demographics and Task Force diagnostic criteria for Family D. 

 

 

 

 

 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

 

 

 

 

    Task Force Diagnostic Criteria  
ID Sex Age at 

report, yrs 
FLNC 

genotype 
Structural Tissue Repolarisation Depolarisation Arrhythmias Family 

history 
Diagnosis 

SCD M SCD27 Dilatation and extensive fibrosis of LV and RV with hypertrophy at PM 
II:1 M 73 p.R482X 0 N/A 0 0 1 2 Borderline 
II:4 M SCD 71 p.R482X 0 0 1 0 1 2 Definite 
III:2 F 46 p.R482X 0 N/A 0 0  1 1 Possible 
III:3 M 43 p.R482X 0 N/A 0 0 0 1 Unaffected 
III:4 M 33 WT 0 N/A 0 0 0 2 Possible (FH) 
III:6 F 50 p.R482X 0 N/A 0 0 1 2 Borderline 
IV:1 M 21 WT 0 N/A 0 0 0 0 Unaffected 
IV:2 M 16 WT 0 N/A 0 0 0 0 Unaffected 
IV:3 F 12 WT 0 N/A 0 0 0 0 Unaffected 
IV:4 M 16 WT 0 N/A 0 0 0 1 Unaffected 
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Figure 4.5 - Co-segregation analysis of the p.L1573X variant in FLNC in Family E 

A. Pedigree, B. DNA sequencing electropherogram. 

A. Family Pedigree. 

 

 

 

 

 

 

 

 

 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid grey 

shading indicates a borderline diagnosis of ARVC according to the Task Force diagnostic criteria. The arrow 

indicates the proband. Genotypes of positive (+) and negative (-) family members are also indicated. 

B. DNA sequencing electropherogram.  

DNA sequencing was used to confirm the genotypes for Family E members for the 

FLNC p.L1573X variant which was originally detected by WES. The wild type sequence is also 

shown. 
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Table 4.7 - Demographics and Task Force diagnostic criteria for Family E. 

 

 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; N/A= not available 

 

 

Figure 4.5 shows that variant p.L1573X is present in both affected and unaffected family members. This observation could indicate that variant 

p.L1573X does not segregate with disease in this pedigree according to the current Task Force diagnostic criteria. However, as discussed later, 

FLNC variant carriers have clinical features which are not currently considered diagnostic for ARVC.

    Task Force Diagnostic Criteria  

ID Sex Age at 
report, 

yrs 

FLNC 
genotype  

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

Diagnosis 

II:1 M 76 p.L1573X 0 N/A 0 0 0 0 Unaffected 

III:1 M 54 p.L1573X 1 N/A 0 0 2 0 Borderline 
III:4 F 50 p.L1573X 0 N/A 1 0 0 0 Unaffected 
IV:1 M 19 p.L1573X 0 N/A 0 0 0 0 Unaffected 

IV:2 M 14 WT 0 N/A 0 0 0 0 Unaffected 
IV:3 F 25 p.L1573X 0 N/A 0 0 0 0 Unaffected 
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Figure 4.6 - Co-segregation analysis of the c.7252-1G>A variant in FLNC in Family F 

A. Pedigree, B. DNA sequencing electropherogram. 

A. Family Pedigree 

 

 

 

 

 

 

 

 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid black 

shading indicates a definite diagnosis of ARVC and diagonal line shading indicates a possible diagnosis of ARVC 

according to the Task Force diagnostic criteria. The arrow indicates the proband. Genotypes of positive (+) family 

members are also indicated. 

B. DNA sequencing electropherogram.  

DNA sequencing was used to confirm the genotypes for Family F members for the 

FLNC c.7252-1G>A variant which was originally detected by WES. The wild type sequence is 

also shown. 
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Table 4.8 - Demographics and Task Force diagnostic criteria for Family F. 

 

 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

 

 

 

 

 

    Task Force Diagnostic Criteria  
ID Sex Age at 

report, 
yrs 

FLNC 
genotype  

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

Diagnosis 

II:1 M 64 c.7252-1 G>A 0 N/A 0 0 1 1 Possible 
II:2 M 62 c.7252-1 G>A 0 N/A 0 0 0 2 Possible 

(FH) 
III:1 M SCD 20 c.7252-1 G>A Fibrofatty infiltration of LV and RV at PM Definite on 

PM 
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The effect of the c.7252-1G>A variant on FLNC splicing was determined with the use of online 

prediction tools as described in Chapter 2: Materials and Methods106, 107 108, 109. In particular, 

the acceptor splice site was predicted to be abolished in the presence of the c.7252-1G>A 

variant by NETGENE2 and BDGP software analysis. In HSF the wild type acceptor splice site 

had a consensus value of 89.61 (tggcctttgcagGA). The mutated variant was predicted to create 

a new acceptor splice site with a consensus value of 72.86 (ggccttgcaagAG). This would result 

in a frameshift around the splice site which would lead to a premature termination codon in 

exon 44 as shown in Figure 4.7. 

 

Figure 4.7 - Predicted effect of the c.7252-1G>A variant on the acceptor splice site for FLNC 

exon 44. 

Analysis of the possible effect of this variant on FLNC splicing by the NETGENE2 and BDGP 

software indicated that c.7252-1G>A would result in a premature termination codon in exon 

44. 
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Figure 4.6 shows variant c.7252-1G>A is present in family members with no ARVC clinical 

features who have been considered as possible ARVC cases based on family history alone 

(major diagnostic criterion). This may indicate non-segregation in this family or incomplete 

penetrance of the variant. As discussed later, FLNC variant carriers have clinical features 

which are not currently considered diagnostic for ARVC. 

Table 4.9 displays the clinical information for the gene positive probands and family members 

which have a LOF FLNC variant.  All gene positive patients who do not fulfil current Task Force 

criteria show a similar clinical presentation with non-diagnostic clinical features. In particular, 

their clinical investigations show normal ECGs in 32% (5/16), whilst another 32% (5/16) have 

low voltage complexes present.  It can also be seen that 10/15 (67%) variant carriers have late 

gadolinium enhancement (LGE) present on cardiac MRI. Those patients under the age of 25 

appear to be less likely to have clinical signs and may develop these at a later date.
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Table 4.9 – Clinical characteristics of gene positive individuals in four families with FLNC LOF variants. 
 
 

ID FLNC 
genotype Symptoms 

Age at 
report

yrs 
Sex ECG 

ECHO Arrhythmia C MRI 

Description LVEF 
24 hr VE count/ 

type of 
arrhythmia 

RV EDV 
(ml) 

RV EF 
% 

LV EDV 
(ml) 

LV EF 
% 

LGE +/- 
distribution 

Family C 
II:2 

Proband 
p.Arg991X NYHA2 76 F 

Permanent AF, 
Low QRS voltage 

in limb leads, 
Late potentials 

Borderline 
LV dilatation 

with mild 
LVSD 

50% 19248, NSVT 146 49 122 41 Basal Lateral LGE 

Family C 
III:2 p.Arg991X Asymptomatic 44 F Low QRS voltage 

in limb leads 

Normal 
biventricular 

size and 
function 

55-
60% 12935 Normal Norm

al 172 52 Normal / No LGE 

Family C 
IV:1 p.Arg991X Palpitations 20 F T-wave inversion 

inferior leads 

Normal 
biventricular 

size and 
function 

55-
60% 

69, Sustained VT 
presentation, 

RBBB morphology 
212 54 206 59 Basal Lateral Sub-

epicardial LGE 

Family C 
IV:2 p.Arg991X Asymptomatic 18 F Unremarkable / 

Normal ECG 

Normal 
biventricular 

size and 
function 

55-
60% 1 168 58 184 56 Normal / No LGE 

Family 
D II:1 p.Arg482X Asymptomatic 73 M Unremarkable / 

Normal ECG 

Non-dilated 
LV and mild 

LV 
dysfunction 

45% 1093 141 41 196 48 

Circumferential 
basal LGE and 

mid-inferior and 
inferolateral LGE 

Family 
D II:4 p.Arg482X NYHA2 SCD 

71 M T wave inversion 
V6 

Dilated LV 
and severe 

LV 
dysfunction 

35% 9249,                                    
NSVT Normal Norm

al 257 52 

Extensive inferior 
and inferolateral 

sub-epicardial 
basal LGE 

Family 
D III:2 p.Arg482X Asymptomatic 46 F Unremarkable / 

Normal ECG 

Normal 
biventricular 

size and 
function 

60-
65% 

6,                                             
NSVT 131 71 149 68 Normal / No LGE 
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Family 
D III:3 p.Arg482X Asymptomatic 43 M Unremarkable / 

Normal ECG 

Normal 
biventricular 

size and 
function 

60-
65% 3 161 57 146 68 

Subtle streak of 
non-ischaemic 

LGE in the basal 
inferolateral wall 

Family 
D III:6 

Proband 
p.Arg482X NYHA II 50 F 

Low QRS 
Voltages in 

Precordial leads 

Borderline 
LV dilatation 
with mild to 

moderate  
LV systolic 

dysfunction 

40-
45% 5197 227 62 187 62 

Basal inferolateral 
and inferior wall 

LGE 

Family E 
II:1 P.L1573X Asymptomatic 76 M Loss if inferior R 

waves 

Normal 
biventricular 

size and 
function 

59% 0 147 67 156 64 Basal lateral 
epicardial LGE 

Family E 
III:1 

Proband 
P.L1573X Syncope 54 M low QRS voltage 

in limb leads 

Non dilated 
LV with mild 

LV 
dysfunction. 
RV regional 
wall motion 
abnormality 
(dyskinetic 
RVOT and 

RV free wall) 

45-
50% 

Sustained VT of 
LBBB morphology 
with superior axis 

211 51 183 51 

Extensive basal to 
mid 

subendocardial 
LGE in the 

anterolateral and 
inferolateral walls 

Family E 
III:4 P.L1573X Palpitations 50 F T wave inversion 

V6 

Normal 
biventricular 

size and 
function 

60% 166 Normal Norm
al 112 70 Equivocal basal 

LGE 

Family E 
IV:1 P.L1573X Asymptomatic 19 M Unremarkable / 

Normal ECG 

Normal 
biventricular 

size and 
function 

59% 3 180 54 173 57 Normal / No LGE 

Family E 
IV:3 P.L1573X Asymptomatic 26 F 

Poor R wave 
progression in 
anterior leads 

Normal 
biventricular 

size and 
function 

60% 0 141 64 161 60 Normal / No LGE 
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Family F 
II:1 

c.7252-
1G>A Pre syncope 64 M Incomplete RBBB 

Normal 
biventricular 

size and 
function 

55-
60% 535      

Family F 
II:2 

Proband 

c.7252-
1G>A Asymptomatic 62 M Low QRS voltage 

Normal 
biventricular 

size and 
function 

55-
60% 22 210 61 209 65 

Sub-epicardial 
LGE Basal-Mid 

Anterolateral and 
inferolateral walls 
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4.4.4 Family analysis for FLNC variants of unknown significance (VUS). 

 

In addition to four LOF variants, 6 variants of unknown significance (an in-frame deletion and 

5 missense variants) in FLNC were identified in our cohort (Table 4.10). Information on these 

variants from in silico prediction tools are detailed in Table 4.10. Pedigrees, confirmation of 

these variants by Sanger DNA sequencing and clinical diagnostic features for probands and 

where possible the family members are shown in Figures 4.7 - 4.12 and Tables 4.11 - 4.15. 

Table 4.16 displays the clinical information for all individuals carrying VUS in FLNC in six 

families. 
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Table 4.10 - Bioinformatic analysis for FLNC VUS using electronic resources that predict protein function effects. 
 

 

Variant classification according to ACMG-AMP guidelines110 was performed as described in Chapter 2: Materials and Methods111 112 

 
 

 

 

 

Family No. 
ARVC 

diagnosis 
FLNC 

genotype cDNA change 
ExAC 

frequency 
gnomAD 

frequency 
SIFT Polyphen-2 Mutation 

Taster 
ACMG 

classification 
Family G 

 II:3 
Definite p.59_62DLQ

R del c.174-185del Novel Novel 
N/A N/A Polymorphism VUS 

Family H  
II:3 

Possible 
p.Q2058R c.6173A>G Novel Novel 

Damaging Benign Disease 
causing 

VUS 

Family I 
 II:2 

Possible 
p.K2260R c.6779A>G 4.6x10-5 4.554x10-5 

Tolerated Benign Polymorphism VUS 

Family J  
II:2 

Definite 
p.I1882V c.5644A>G 0.0009614 0.001122 

Tolerated Benign Disease 
causing 

VUS 

Family K  
II:1 

Definite 
p.I714T c.2141T>C Novel Novel 

Damaging Benign Disease 
causing 

VUS 

Index Case L  
Borderline 

p.R727H c.2180G>A 0.0003513 0.00372 
Damaging Benign Disease 

causing 
VUS 
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Figure 4.8 - Co-segregation analysis of the p.59_62DLQRdel variant in FLNC in Family G   

A. Pedigree, B. DNA sequencing electropherogram. 

A. Family Pedigree 

 

 

 

 

 

 

 

 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid black 

shading indicates a definite diagnosis of ARVC and solid grey shading indicates a borderline diagnosis of ARVC 

according to the Task Force diagnostic criteria. The arrow indicates the proband. Genotypes of positive (+) and 

negative (-) family members are also indicated. // - this indicates seperation or divorce. 

 

 

 

 

 

 

 

 

 

SCD 40 YRS

I:1 I:2

II:1 II:2 II:3 (+) II:4 (-)

III:1 (+)

Family G
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B. DNA sequencing electropherogram.  

DNA sequencing was used to confirm the genotypes for Family G members for the FLNC p. 

59_62DLQRdel variant which was originally detected by WES. The wild type sequence is also 

shown. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 shows that variant p.59_62DLQRdel appears to segregate with disease in this 

family. 

 

 

 

 

 

WT 
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Table 4.11 - Demographics and Task Force diagnostic criteria for Family G. 

 

 

 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

 

 

 

 

 

    Task Force Diagnostic Criteria  
ID Sex  Age at 

report,
yrs 

FLNC 
genotype 

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

Diagnosis 

SCD M SCD 40 N/A N/A N/A N/A N/A N/A N/A N/A 
II:3 F 68 p. 

59_62DLQRdel 
2 N/A 1 1 1 0 Definite 

II:4 F 69 WT 0 N/A 0 0 0 2 Possible (FH) 
III:1 F 38 p. 

59_62DLQRdel 
0 N/A 0 0 1 2 Borderline 
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Figure 4.9 - Co-segregation analysis of the p.Q2058R variant in FLNC in Family H   

A. Pedigree, B. DNA sequencing electropherogram. 

A.  Family Pedigree 

 

 

 

 

 

 

 

 

 

 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid black 

shading indicates a definite diagnosis of ARVC according to the Task Force diagnostic criteria. The arrow indicates 

the proband. Genotypes of positive (+) and negative (-) family members are also indicated. 

 

 

 

 

 

 

 

SCD 26 yrs
ACM at PM

SCD 60 yrs
I:1 I:2

II:1 II:2 II:3 (+) II:4

III:1 (-) III:2 (-) III:3

Family H
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B. DNA sequencing electropherogram.  

DNA sequencing was used to confirm the genotypes for Family H members for the 

FLNC p.Q2058R variant which was originally detected by WES. The wild type sequence is also 

shown. 

 

 

 

 

 

 

 

 

 

 

 

It is not possible to determine whether variant p.Q2058R segregates with ACM in this family 

as there is only one gene positive family member.  
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Table 4.12 - Demographics and Task Force diagnostic criteria for Family H. 

 

  

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

 

 

 

 

 

    Task Force Diagnostic Criteria  
ID Sex  Age at 

report, 
yrs 

FLNC 
genotype 

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

Diagnosis 

SCD M 26 N/A N/A N/A N/A N/A N/A N/A Definite on 
PM 

II:3 F 67  p.Q2058R 0 N/A 0 0 0 2 Possible (FH) 
III:1 M 35 WT 0 N/A 0 0 0 1 Unaffected 
III:2 F 40 WT 0 N/A 0 0 0 1 Unaffected 
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Figure 4.10 - Co-segregation analysis of the p.K2260R variant in FLNC in Family I   

A. Pedigree, B. DNA sequencing electropherogram.  

A. Family Pedigree 

 

 

 

 

 

 

 

 

 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid black 

shading indicates a diagnosis of ARVC at PM. The arrow indicates the proband. Genotypes of positive (+) and 

negative (-) family members are also indicated. 

 

 

 

 

 

 

 

 

SCD 36 yrs
ACM at PM

I:1 I:2

II:2 (+)II:1

III:1 (+) III:2 (-) III:3 (-) III:4 (-)

IV:1 (-) IV:2 (+)

Family I
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B. DNA sequencing electropherogram.  

DNA sequencing was used to confirm the genotypes of family I members for the 

FLNC p.K2260R variant which was originally detected by WES. The wild type sequence is also 

shown.   
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Table 4.13 - Demographics and Task Force diagnostic criteria for Family I. 

 

 

 

 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

 

 

 

    Task Force Diagnostic Criteria  
ID Sex  Age at 

report, 
yrs 

FLNC 
genotype 

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

Diagnosis 

II:2 F 74 p.K2260R 0 N/A 0 0 0 2 Possible (FH) 
III:1 

(SCD) 
M SCD 36  p.K2260R N/A N/A N/A N/A N/A N/A Definite at 

PM 
III:3 F 45 WT 0 N/A 0 0 0 2 Possible (FH) 
III:4 F 48 WT 0 N/A 0 0 0 2 Possible (FH) 
IV:1 M 18 WT 0 N/A 0 0 0 2 Possible (FH) 
IV:2 F 16 p.K2260R 0 N/A 0 0 0 2 Possible (FH) 



 
 

 168 

Figure 4.10 shows the family tree for Family I. Variant p.K2260R does not segregate with 

disease based on current ARVC diagnostic criteria (Table 4.13). It is also possible that this 

family may also be displaying incomplete penetrance. The gene negative family members are 

classified as possible ARVC cases due to family history only and, therefore, can be treated as 

clinically unaffected. Individual IV:2 is a good example of a variant carrier with no diagnostic 

disease features. However, their young age (16 years old) should also be taken into account. 

Assuming variant p.K2260R is disease causing, they could, therefore, develop symptoms at a 

later stage and should be monitored closely. Similarly, individual II:2 is another family 

member carrying this variant who would be considered as clinically unaffected. However, this 

patient has late gadolinium enhancement on cardiac MRI and, therefore, presents with 

clinical features which are non-diagnostic based on the current Task Force criteria. This case 

shows remarkable similarities to the LOF gene positive ‘unaffected’ patients described earlier 

in this chapter. Clinical characteristics of Family I members are displayed in Table 4.16. 
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Figure 4.11 - Co-segregation analysis of the p.I1882V variant in FLNC in Family J 

A. Pedigree, B. DNA sequencing electropherogram. 
 
 
A. Family pedigree 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid black 

shading indicates a definite diagnosis of ARVC according to the Task Force diagnostic criteria. The arrow indicates 

the proband. (+) indicates a positive genotype for the p.I1882V variant. 

 

B. DNA sequencing electropherogram.  

DNA sequencing confirmed the presence of the p.I1882V variant in the affected proband of 

the pedigree for Family J. The wild type sequence is also shown.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

WT 

HydrocephalusSCD 47yrs

I:1 I:2

II:1 II:2 (+) II:3 II:4 II:5 II:6

Family J
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Table 4.14 - Demographics and Task Force diagnostic criteria for Family J. 

 
 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

 
 
 
 
 
 
 
Co-segregation cannot be commented on due to this family consisting only of the proband. DNA from further family members is required for co-

segregation studies. 

 
 
 
 

    Task Force Diagnostic Criteria  
ID Sex Age at 

report, 
yrs 

FLNC 
genotype 

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

Diagnosis 

SCD M SCD 47 N/A N/A N/A N/A N/A N/A N/A N/A 
II:2 M 78  p.I1882V 2 N/A 0 1 0 2 Definite 
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Figure 4.12 - Co-segregation analysis of the p.I714T variant in FLNC in Family K 

A. Pedigree, B. DNA sequencing electropherogram. 
 

 
A. Family Pedigree 

 

 

 

 

 

 

 

 

Squares and circles indicate males and females respectively. Slashes indicate deceased individuals. Solid black 

shading indicates a definite diagnosis of ARVC according to the Task Force diagnostic criteria. The arrow indicates 

the proband. (+) indicates a positive genotype for the p.I714T variant. 

 

 

 

 

 

 

 

 

 

SCD 42YRSSCD
I:1 I:2 I:3

II:1

Family K
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B. DNA sequencing electropherogram.  

 

DNA sequencing confirmed the presence of the p.I714T variant in the proband of the 

pedigree for Family K. The wild type sequence is also shown.  
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Table 4.15 - Demographics and Task Force diagnostic criteria for Family K. 

 

 

 

 

1=minor criteria, 2= major criteria, 0= no criteria met; FH= family history; PM= post mortem; N/A= not available 

 

 

 

Co-segregation cannot be evaluated for Family K, due to only one gene positive family member. 

    Task Force Diagnostic Criteria  
ID Sex Age at 

report, 
yrs 

FLNC 
genotype 

Structural Tissue Repolarisation Depolarisation Arrhythmias Family 
history 

Diagnosis 

II:1 M 64  p.I714T 2 N/A 2 0 1 0 Definite 
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Figure 4.13 - Analysis of the p. R727H variant in FLNC in index case L 

A. DNA sequencing electropherogram. 
 

 
A. DNA sequencing electropherogram.  

DNA sequencing confirmed the presence of the p.R727H variant in index case L. The 

wild type sequence is also shown.  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Further familial evaluation or clinical evaluation of the proband was not available in this 

family. Previous clinical records for the proband indicated that they had a borderline diagnosis 

of ARVC, however, they have not attended follow up appointments and were not contactable. 

 

 

 

c.2180G>A WT 
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Table 4.16 – Clinical characteristics of gene positive individuals carrying VUS FLNC variants. 

ID FLNC 
genotype Symptoms 

Age at 
report, 

yrs 
Sex ECG 

ECHO Holter C MRI 

Description LVEF 24 hr VE 
count 

RV EDV 
(ml) RV EF LV EDV 

(ml) LV EF % LGE +/- 
distribution 

Family G 
II:3 

Proband 

p.59-62 
DLQRdel 

Palpitations 
NYHA I 68 F 

Infra-lateral t wave 
inversion, abnormal 

SAECG - late 
potentials 

Moderate to severe 
LV dysfunction. RV 

regional wall 
abnormality 

(dyskinesia plus RV 
dilatation) 

35-40% AF, NSVT N/A N/A N/A N/A N/A 

Family G 
III:1 

p.59-62 
DLQRdel Asymptomatic 38 F Unremarkable 

Normal 
Unremarkable 

Normal 55% 750, NSVT N/A N/A N/A N/A N/A 

Family H 
II:3 

Proband 
p.Q2058R Palpitations 67 F Low QRS voltages Unremarkable 

Normal 55% paroxysmal  
AF, 84 Normal Normal 112 69 

basal lateral 
non infarct 

fibrosis 

Family I 
II:2 

Proband 
p.K2260R Asymptomatic 74 F 

Low QRS voltages 
and poor R wave 

progression , SAECG 
normal 

Unremarkable 
Normal 55% 1 89 69 77 75 

Sub-epicardial 
at basal mid to 

inferior wall 

Family I 
IV:2 p.K2260R Asymptomatic 16 F Unremarkable 

Normal 
Unremarkable 

Normal 60% 0 Normal Normal 141 63 No LGE 

Family J 
II:2 

Proband 
p.I1882V NYHA I 78 M 

Unremarkable,  
Normal ECG, 

abnormal SAECG 

Moderate RV 
dilatation and RV 

aneurysm 
55% / N/A N/A N/A N/A N/A 

Family K 
II:1 

Proband 
p.I714T NYHA II and 

Syncope 64 M T wave inversion 
V1-V5 

Dilated RV, RV 
lateral wall akinesia 50% 138, NSVT 290 44% 227 57 No LGE 
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4.5 Discussion 

WES identified 7 novel and 3 rare FLNC variants in the 120 proband population which could 

explain up to 8% of the “mutation negative” patients in this study. Figure 4.14 is a schematic 

diagram representing the structure of the FLNC protein. It highlights reported FLNC variants 

associated with both skeletal myopathy and cardiomyopathy and also shows the FLNC 

variants identified in this study. 

Valdes-Mas et al. (2014) suggest that the variants situated at the N terminal, which consists 

of the actin binding domain and the first rod repeat, or the C terminal, which consists of the 

last four rod repeats, may have a more significant impact on the protein function62. However, 

reported FLNC variants causing skeletal myopathy or cardiomyopathy seem to be distributed 

throughout the FLNC molecule. A review of the currently published variants (Figure 4.14) 

shows that there is a large collection of variants located between domains 19-21 of the FLNC 

protein (18/80), representing 23% of the published variants, and the actin binding domain of 

the protein consisting of CH1, CH2 and domain 1 (15/80), representing a further 19% of the 

variants. Together these two areas contain 41% of the published FLNC variants. This is 

consistent with these areas being near the C and N terminals respectively although not 

precisely at the last 4 rod repeats known as the C terminal. It is not currently understood why 

some variants could cause skeletal myopathy whilst others are responsible for a heart 

specific phenotype. None of the studies that have reported FLNC variants in cardiomyopathy 

patients have identified skeletal myopathy in the same individuals whereas some patients 

with skeletal myopathy have also had cardiac abnormalities detected145. The ACM patients 

with FLNC variants in our cohort did not have skeletal myopathies or a raised creatine kinase 

(CK) level at the time of screening.  
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Figure 4.14 - Published FLNC variants associated with skeletal myopathy and cardiomyopathy and FLNC variants identified in this study. 

Variants reported are located throughout the FLNC gene and there is no apparent correlation between their location and the observed 

phenotype. 
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FLNC termination codons have been identified in Families C, D and E. Information available 

on the ExAC database shows that the FLNC gene has a high pLI (Table 4.17). A pLI score ³ 0.9 

is thought to represent that a gene is intolerant to LOF variants. This score for FLNC is 1.00 

which would imply that LOF variants in this gene are highly likely to be pathogenic168.  

Table 4.17 - pLI score for the FLNC gene. 

(http://exac.broadinstitute.org/gene/ENSG00000128591) 

 

In order to perform segregation analysis on the FLNC variants identified in the ACM probands 

additional family members were recruited and genotyped. There appears to be clear 

segregation of FLNC variants with disease, according to Task Force diagnostic criteria, in two 

Families: C, and G (Figures 4.3 and 4.7). Index case L does not have a pedigree on record and 

has not been contacted. For Families J and K there is only information on the probands 

(Figures 4.10 and 4.11), therefore segregation cannot be proven in these cases.  

In Families D, E, F, H and I FLNC variants appear not to segregate with disease based on current 

Task Force diagnostic criteria (Figures 4.4, 4.5, 4.6, 4.8 and 4.9 respectively). However, it is 

noteworthy that FLNC variant carriers in these families who do not fulfil current diagnostic 

criteria also present with additional non-diagnostic clinical features. For example, individual 

F II:2 (gene positive but classified as unaffected/possible only due to family history) has late 

gadolinium enhancement on cardiac MRI which shows the presence of scar and fibrosis of the 

heart muscle. They also present with low voltage complexes on an otherwise unremarkable 
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ECG. Therefore, even though they cannot be diagnosed with ARVC, they clearly have 

electrocardiogram and structural abnormalities indicating the presence of cardiomyopathy. 

Similarly, in Family D, individual III:3 was classified as unaffected but has late gadolinium 

enhancement identified on cardiac MRI too. The same applies to other members of this family 

who were gene positive and had either a definite or borderline diagnosis of ARVC. In addition, 

D III:6 had low voltage complexes on ECG, another non-diagnostic ECG abnormality. This 

suggests that additional clinical signs not currently included in the Task Force diagnostic 

criteria need to be considered in families with FLNC variants.  

Family E also includes gene positive members not fulfilling Task Force criteria, namely, 

individuals E III:4 and E II:1 who have had LGE on cardiac MRI (Table 4.9). On the other hand, 

individuals E IV:1 and E IV:3 are unaffected FLNC variant carriers who do not display any 

clinical signs. However, individual E IV:1 is 19 years old and may still develop these signs or 

symptoms in time. Only individual E III:1 fulfils Task Force diagnostic criteria in this family and, 

in addition, has non-diagnostic abnormalities including LGE on cardiac MRI.  

Similarly, in Families H and I, two family members, individuals II:3 and II:2 respectively, are 

gene positive and have LGE on cardiac MRI and low voltage complexes on ECG but do not 

fulfil Task Force diagnostic criteria. This is consistent with a specific clinical presentation 

pattern associated with FLNC variants described above in other families.  

In summary, these observations demonstrate that if certain abnormalities such as LGE were 

taken into consideration when evaluating FLNC variant carriers, then co-segregation would 

be confirmed in all these families.  This clearly highlights the need for a re-evaluation of the 

current diagnostic criteria for the disorder to include clinical features that were not 

considered diagnostic in the 2010 revision25. The clinical pattern associated with FLNC 
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variants resembles that reported for forms of ACM caused by mutations in phospholamban, 

desmin and lamin A/C which are characterised by predominant LV involvement with 

structural abnormalities and high risk of arrhythmia and sudden cardiac death37 38 169. An 

update of the diagnostic criteria for ACM must take into consideration these newer clinical 

signs that seem to be quite marked in FLNC families. This would be a natural evolution of the 

original Task Force set of diagnostic criteria first proposed in 1994170. Over the years, they 

were first modified to include diagnosis of family members who frequently present with a 

broader range of signs and symptoms24, and then were more considerably modified in 2010 

to incorporate advancements in diagnostic imaging along with genetics and also introduce 

more quantitative criteria25. This highlights how these criteria change and develop as we learn 

more about this disease. In the meantime, individuals with a family history of ACM who have 

a FLNC variant identified in a relative may have to be evaluated with non-diagnostic criteria 

including routine cardiac MRI and genetic testing even when the ECG and ECHO appear 

normal. 

 

4.6 Conclusion and limitations 

4.6.1 Conclusion 

We have identified 7 novel and 3 rare FLNC variants representing 8% of our gene negative 

ACM cohort. Clinical evaluation and genetic cascade screening in these families identified a 

unique phenotype in FLNC carriers consisting of low voltage ECG (7/23, 30%), NSVT/SVT 

(8/22, 36%) and LGE on cardiac MRI (12/19, 63%).  The presence of normal ECG and ECHO 

measurements in these patients highlights the importance of genetic screening to identify 
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individuals at risk and supports the need for in depth clinical screening such as Holter 

monitoring and cardiac MRI to accurately diagnose such cases. 

 

4.6.2 Limitations 

A limitation to this study is the relatively small number of families we base our findings on as 

well as the number of family members we were able to fully clinically evaluate as well as 

genotype.  

A detailed analysis of the clinical phenotype associated with FLNC variants, including the 

presence of currently non-diagnostic features, requires a large cohort of patients and can only 

be achieved by a collaborative project with different clinical centres. 
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Chapter 5: Functional studies on filamin C expression  

in cardiac tissue and cell culture 

5.1 Introduction 

The human heart is composed of a wide spectrum of cell types that contribute to its function. 

These include myocytes, fibroblasts, endothelial cells and vascular smooth muscle cells. 

Myocytes, however, make up the main mass of the organ and are responsible for contractility. 

It is for this reason that various types of myocytes have been used in different models of 

cardiac function in studies investigating location and function of cardiac proteins171. A cell line 

frequently used in such studies is HL-1 cells which are a cardiac muscle cell line derived from 

a mouse atrial cardiomyocyte tumour (AT-1)115. HL-1 cardiomyocytes have the ability to beat 

spontaneously and contract after serial passages and have numerous characteristics similar 

to cultured adult atrial myocytes including their gene expression and cardiac specific 

immunohistochemistry profile115.  These properties make HL-1 cells an excellent choice for 

an in vitro model of cardiac function172. They are, however, still dividing cells so their structure 

may also be similar to embryonic myocytes in terms of differentiation115. Also, as HL-1 cells 

are derived from an atrial cell line, they may not fully recapitulate the disease spectrum of 

ACM which exclusively affects the ventricles. Therefore, the differences between HL-1 cells 

and human tissue must be taken into consideration when using these cells as a comparison 

for the location of cardiac proteins. Other types of myocytes are often used as cardiac 

function models to determine the location and function of cardiac proteins namely, neonatal 

myocytes isolated directly from experimental animal models and human cardiomyocyte 

models derived from embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs), 

the latter of which are differentiated into cardiomyocytes171. 
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Several studies have previously used HL-1 cells to investigate proteins associated with ACM. 

Schlipp et al 2014 studied the intercalated discs in HL-1 cells using immunohistochemistry to 

determine the location of desmoglein-2 and N-cadherin within these cardiomyocytes. That 

study highlighted that inhibition of desmoglein-2 interactions resulted in a reduction in 

cardiomyocyte cohesion173. Mutations in plakophilin-2 have also been investigated at the 

protein level using HL-1 cells174. Fidler et al. (2009) used siRNA to knockdown PKP2 in HL-1 

cells to examine the effect on myocyte function, the location of PKP2 and its effect on Cx43174. 

These studies allowed us to conclude that HL-1 cells would be an appropriate myocyte cell 

model to investigate the exact location of FLNC in relation to the known proteins, mainly 

desmosomal, related to ACM. 

To date human tissue has often been used to define the location of proteins that are disrupted 

in ACM. The desmosomes are made up of Cadherins (DSG2 and DSC2), Armadillo proteins 

(JUP, PKP2) and Plakins (DSP)175.  These desmosomal proteins have been found to be located 

at the intercalated disc in human tissue176. Connexin-43 (Cx43) is another important protein 

in ACM. It is a major gap junction protein and plays a role in gap junction intracellular 

communication especially in the form of electrical junction formation so as to produce 

coordinated contraction of heart muscles177. Both plakoglobin and Cx43 are normally found 

to be highly concentrated at the intercalated disc. Interestingly, it has been shown in 

immunohistochemistry studies using tissue from patients with ACM that both plakoglobin 

and Cx43 show reduced signal intensity in ACM regardless of which gene the mutation lies176. 

In contrast, the desmoplakin immunoreactive signal has been found to be reduced in intensity 

depending on the specific mutation in this gene that the patient carries176, and in ARVC cases 

with a predominantly LV phenotype irrespective of which gene is mutated. 
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Actin is found at the Z discs in human striated cardiac and skeletal muscle and in 

cardiomyocytes178. This makes actin a useful marker for co-localisation with FLNC.  Other 

important proteins to investigate include GSK3β and SAP97. In typical ARVC, caused by 

mutations in a desmosomal gene, plakoglobin has always been found to mislocalise away 

from the intercalated disc. Similarly, GSK3β has been identified in ACM cases to translocate 

from the cytosol to the intercalated discs. This has now been recognised as a typical pattern 

of downregulated plakoglobin and upregulated GSK3β at the intercalated disc in cases of 

ACM179 180. SAP97, which plays a role in protein trafficking, has been shown to have a reduced 

signal at the intercalated disc and sarcomere in patients with ACM. This is unique for ACM 

and has not been identified in other forms of heart disease and, therefore, together with 

plakoglobin and GSK3β, is a reliable immunohistochemistry marker for typical ACM180.   

FLNC is thought to be a Z disc / sarcomeric protein which in immunohistochemistry studies 

has been located at both the Z disc and intercalated disc. Indeed, Begay et al. (2018) showed 

a reduction in filamin C protein concentration when a mutation in FLNC was present and their 

immunohistochemistry experiments confirmed that FLNC was located at the Z disc60.  

This study will investigate the location of FLNC within different cell types at varying levels of 

maturity as well as in human cardiac tissue from controls and ACM patients with FLNC 

variants.  
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5.2 Aim of study 

This study aims to investigate normal FLNC protein location in various cell types of different 

levels of maturity and in relation to other known proteins such as desmosomal proteins, Cx43, 

actin and desmin at the intercalated disc and sarcomere. It also aims to determine whether 

variants in the FLNC gene affect the location and distribution of the filamin C protein and 

other key cardiac proteins in patient heart samples. 

 

5.3 Methods Used 

See Materials and Methods in Chapter 2 for the following: cell culture – HL1 cells and neonatal 

murine cardiomyocytes, histology, immunohistochemistry, immunocytochemistry, HL-1, 

neonatal murine cardiomyocytes, human iPSCs, immunohistochemistry of human cardiac 

tissue, confocal imaging, haematoxylin and eosin (H&E) staining, FLNC HL-1 knock down with 

siRNA, Western blotting, qPCR. 

 

5.4 Results 

5.4.1 Patient population 

HL-1 cells, neonatal mouse cardiomyocytes and human iPSC cells differentiated into 

cardiomyocytes were used to study the location of FLNC. Human cardiac tissue was also 

obtained from a collaboration with Spanish clinical centres which consisted of 40 consecutive 

hearts from sudden cardiac death victims collected between 2006 and 2015. Cardiac samples 

with DNA available and a diagnosis of ACM were genetically tested with two large high 

throughput panels including 73 and 218 inherited cardiac disease genes. Eleven cases from 
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the following centres: Instituto Nacional de Toxicologia y Ciencias Forenses (INTYCF) of 

Madrid (n=8), Instituto de Medicina Legal (IML) of Valencia (n=2) and the Instituto de 

Medicina Legal (IML) of Murcia (n=1) were found to carry FLNC variants. For those cases, 

immunohistochemistry staining was performed on paraffin-embedded samples from the 

right and left ventricle using desmosomal, Cx-43, GSK3β, SAP97 and anti-FLNC antibodies. 

Details on the FLNC variants identified in the eleven cases used for immunohistochemistry 

experiments are given in Table 5.1. Classification of the identified FLNC variants according to 

ACMG guidelines predicted that nine (termination codons, deletions and splice site variants) 

would be pathogenic and two missense changes were variants of unknown significance. 

Additional variants in cardiomyopathy related genes were present in three samples (Samples 

10, 11 and 12). Details on these variants are provided in Table 5.2.  
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Table 5.1  - FLNC variants identified in eleven cardiac tissue samples obtained from Spanish centres. 

 

^ This deletion spans the entire FLNC gene involving 27,885 nucleotides (genomic coordinates according to assembly GRCh37.p13 of the 

human genome) and is predicted to result in a null allele. 

ACMG, American College of Medical Genetics and Genomics; VUS, variant of unknown significance.  

 

Sample ID FLNC genomic or cDNA 
change 

 
FLNC amino acid 

change 

gnomAD 
frequency 

 
 

SIFT 

 
 

Polyphen-2 

 
 

Mutation Taster 

 
 

ACMG variant 
classification 

 
Variants in other 

genes 

Sample 1b c.5398G>T p.G1800X Novel N/A N/A N/A Pathogenic  

Sample 2b c.5398G>T p.G1800X Novel N/A N/A N/A Pathogenic  

Sample 3b c.4108C>T p.R1370X Novel Disease causing Disease causing Disease causing Pathogenic  

Sample 4b c.4288+2T>G predicted 
abnormal exon 

splicing 

Novel N/A N/A N/A Pathogenic  

Sample 5b c.2115_2120delTGCCCA p.Y705X Novel N/A N/A N/A Pathogenic  

Sample 6 c.249C>G p.Y83X Novel Disease causing Disease causing Disease causing Pathogenic  

Sample 7 c.479C>A p.T160K Novel N/A N/A N/A VUS  

Sample 8 g.128470694_128498579del 

(c.3_*2del) ^ 

p.0? Novel N/A N/A N/A Pathogenic  

Sample 10 c.105G>C p.K35N Novel Disease causing Disease causing Disease causing VUS MYBPC3 
c.26-2A>G 

Sample 11 c.1965_1966delTG 
 

p.A656PfsX8 Novel N/A N/A N/A Pathogenic PKP2 
p.Val868Asp 

Sample 12 c.5298+21C>T predicted 
abnormal exon 

splicing 

Novel N/A N/A N/A Pathogenic DSP 
p.Arg105Gln 
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Table 5.2 - Characteristics of additional genetic variants found in tissue samples with FLNC variants. 

Sample ID Gene 
 

Nucleotide 
change 

 
 

Amino acid 
change 

 
 

SNP ID 
gnomAD 

frequency 

 
 

ClinVar variant 
classification 

 
 

ACMG variant 
classification 

 
Previously associated with 

cardiomyopathy 

Sample 10 
MYBPC3 

 
c.26-2A>G 

Predicted 
abnormal splicing 

rs376395543 
 

2.67e-05 
Pathogenic Pathogenic 

Yes (HCM)181 

Sample 11 
PKP2 

 
c.2603T>A p.Val868Asp 

rs752195586 
7.95e-06 

Not present VUS No 
 

Sample 12 
DSP 

 
c.314G>A p.Arg105Gln 

Rs762238621 
2.38e-05 

Not present VUS 
No 
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5.4.2 – FLNC location in HL-1 cells 

 

HL-1 cells were cultured and stained to examine the distribution of FLNC and other proteins 

of interest. The cells were stained after passage 23 for FLNC, plakoglobin, desmoplakin, 

connexin 43, actin and desmin. These proteins were selected based on the following factors: 

all are major proteins of key structural components of the cardiomyocytes and have either 

been implicated in the pathogenesis of ARVC or have been extensively investigated in studies 

into the molecular basis of the disease. In particular, as ACM is typically known as disease of 

the desmosome, we investigated two desmosomal proteins, plakoglobin and desmoplakin, as 

well as connexin 43, a ventricular gap junction protein, for possible co-localisation to FLNC. 

We also stained for desmin as it is a key component of the intermediate filaments known to 

interact with desmosomal proteins. Finally, actin was also included as it has been identified 

to localise to the Z-disc in the same manner as FLNC178.  

This staining showed that filamin C co-localises with the demosomal proteins, Cx43, actin and 

desmin at the cell membrane in the HL-1 cells. These proteins are located at the cell 

membrane where the cells adhere to each other and these cell-cell connections will progress 

to form intercalated discs in more mature forms and eventually full tissues. FLNC also follows 

this pattern and forms at the cell membranes of HL-1 cells as well as showing some 

localisation in the cytosol (Figure 5.1). 
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Figure 5.1 - Immunostaining in P23 HL-1 cells taken at x63 power (see chapter 2 for details); A: FLNC and plakoglobin, B: FLNC and 

desmoplakin, C: FLNC and connexin 43, D: FLNC and actin, E: FLNC and desmin 

 

A. Localisation of FLNC and JUP in HL-1 cells stained for each protein, displayed separately and in a merged image (first on the left). FLNC (green) 

is located at the cell membrane and in the cytosol and JUP (red) at the cell membrane.  

 

 

 

FLNC

FLNC

HL1 – FLNC AND JUP – P23 

HL1 – FLNC AND DSP – P23

JUP

DSP

DAPI

DAPI
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B.  Localisation of FLNC and DSP in HL-1 cells stained for each protein, displayed separately and in a merged image (first on the left). FLNC (green) 

is located at the cell membrane and in the cytosol and DSP (red) at the cell membrane.  

 

 

 

 

 

DAPI
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C. Localisation of FLNC and Cx43 in HL-1 cells stained for each protein, displayed separately and in a merged image (first on the left). FLNC (green) 

is located at the cell membrane and in the cytosol and Cx43 (red) at the cell membrane.  

 

 

 

DAPI 

DAPI
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D. Localisation of FLNC and actin in HL-1 cells stained for each protein, displayed separately and in a merged image (first on the left). FLNC (green) 

is located at the cell membrane and in the cytosol and actin (red) is found concentrically at the cell membrane.  

 

 

DAPI
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E. Localisation of FLNC and desmin in HL-1 cells stained for each protein, displayed separately and in a merged image (first on the left). FLNC 

(green) is located at the cell membrane and in the cytosol and desmin (red) at the cell membrane with a filamentous appearance.  

In all images HL-1 nuclei (blue) were visualised with 4ʹ,6-diamidino-2-phenylindole (DAPI). 
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5.4.3 – FLNC knockdown in HL-1 cells using siRNA 

 

FLNC was knocked down in HL-1 cells using siRNA to investigate the morphological and 

structural changes to the cells due to absence of FLNC, as well as possible changes to 

desmosomal proteins. We were investigating the hypothesis that reduced levels of FLNC may 

recapitulate a protein re-distribution pattern typically observed in immunohistochemistry 

experiments in ARVC cells/tissues by causing plakoglobin to mislocalise away from the 

junctions. Firstly, different siRNAs were tested to determine which siRNA performs more 

efficiently on the HL-1 cells (Figure 5.2). siRNA-A was selected for further experiments as it 

was shown to knock down FLNC expression by 75.18% as determined by RT-PCR.  Figure 5.2B 

shows that reduction of FLNC expression by all the siRNAs tested was statistically significant 

but that siRNA-A gave the greatest mean difference between the control and knockdown at 

0.78. This value corresponds to this siRNA producing the greatest FLNC expression knockdown 

at 75.18% compared to siRNA-B at 57.32%, siRNA-C at 71.66 % and pooled siRNA at 72.78 %. 

(See Appendix Tables 2-6 for raw data) 
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Figure 5.2 - Knockdown of FLNC expression by different siRNAs.  

A: Delta delta CT value of FLNC in HL-1 cells in controls and when using 3 different FLNC 

siRNAs.  

B: Dunnet multiple comparison test. 

A. 

 

 

 

 

 

 

 

 

B. 

Summary Column - *=P≤0.05, - **=P≤0.01, - ***=P≤0.001, ****=P≤0.0001 

 

 

 

Dunnett's multiple comparisons test Mean 
Diff. 

95% CI of 
diff. Summary Adjusted P Value 

HL1 cells - Control vs. HL1 cells KD - siRNA -A 0.7789 0.7131 - 
0.8446 **** 0.0001 

HL1 cells - Control vs. HL1 cells KD - siRNA -B 0.6067 0.5409 - 
0.6724 **** 0.0001 
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The second knockdown experiment using siRNA-A successfully knocked down FLNC in the HL-

1 cells by 82.94%. The unpaired t test between the control and knockdown cells comparing 

delta delta CT values confirms the knockdown is statistically significant with a p value of 

<0.0001. (Raw data in Appendix Tables 7-8, Figure 5.3 shows delta delta Ct values.) 

 

Figure 5.3 - Knockdown of FLNC expression by siRNA-A.  

A: Delta delta Ct value for FLNC knockdown using FLNC siRNA-A.  

B: Unpaired t test comparing significance of delta delta Ct values between control and knock 

down cells. 

 

A.                                                                   B. 

 

 

 

 

 

 

 

 

 

The HL-1 knockdown cells grew at the same rate as the control cells which had been 

transfected with scrambled siRNA under the same conditions. They did not appear to have 

been affected morphologically and were still beating. However, HL-1 knockdown cells did not 
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form as many connections with other cells and there were more solitary single cells and fewer 

groups of cells linking together in the knockdown cell culture compared to the control cells.  

The HL-1 knockdown cells and HL-1 control cells were also immunostained for FLNC and 

plakoglobin to examine the distribution of these proteins. Plakoglobin was chosen as it is 

known to be a marker in immunohistochemistry for ARVC176 . Plakoglobin has been shown in 

human control samples to be present at the intercalated discs and at cell membranes in cell 

systems. In typical ARVC samples, plakoglobin translocates away from the intercalated discs.  

In our experiments there was a reduction in staining intensity for FLNC in the knockdown cells 

compared to the control cells. Plakoglobin staining intensity, however, appears similar in both 

the control and knockdown cells (Figure 5.4). The FLNC protein concentration was confirmed 

as reduced by western blot (Figure 5.5). This difference in plakoglobin staining to published 

literature could be suggesting that knocking down FLNC does not have the same effect on 

desmosomal proteins as defects in other desmosomal proteins are known to have. Therefore, 

the possibility arises that FLNC mutations may also work via a different molecular pathway to 

desmosomal mutations. Of course, the two models differ significantly as the functional effect 

reduction of FLNC expression may cause is not comparable to that arising from a single 

mutation in a desmosomal gene. In other words, total knockdown of FLNC expression is not 

necessarily producing an effective ACM model.
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Figure 5.4 - Immunohistochemistry staining of HL-1 control cells and HL-1 FLNC knockdown cells for FLNC and plakoglobin taken at x63 power 

(see chapter 2 for details). 

FLNC (green) is present at the cell membrane and cytosol in both the control cells and knock down cells and is reduced in intensity in the 

knockdown cells. JUP (red) is present at the cell membrane at equal intensity in both the control and knock down cells. DAPI staining in blue 

highlights the nucleus of the cells.
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Figure 5.5 - Western blot showing FLNC wild type (WT) and knock down (KD) HL-1 cells stained 

for FLNC, tubulin and vinculin.   

The position of the proteins on the gel is marked. 

 

 

 

 

 

 

 

 

 

 

 

 

The blot was stripped, washed, blocked and re-probed for VCL as a house keeping gene due 

to the unexpected knockdown of tubulin. Of note, an unidentified protein band observed in 

the filamin C knockdown protein extract is thought to be due to non-specific binding. 
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5.4.4 – FLNC localisation in cardiomyocytes 

 

Neonatal murine cardiomyocytes and iPSCs were stained for FLNC, desmoplakin and 

plakoglobin to compare the location of these proteins in cells at different levels of maturity. 

(Figures 5.6 and 5.7 A, B).  After defining the location of FLNC and desmosomal proteins in 

these cells, the results can be compared to the desmosomal protein location in human cardiac 

tissue. This would allow us to identify which cells are the best substitute model to human 

cardiac tissue which is difficult to obtain. Neonatal murine cardiomyocytes and iPSCs are 

thought to be more immature compared to HL-1 cells and they, therefore, may not have the 

ability to form links with other cells as efficiently as more mature, well developed cells. It is 

these links which will eventually form intercalated discs.  

In our experiments desmoplakin, plakoglobin and FLNC are present at the cell membranes in 

these cell types. FLNC is also present in the cytoplasm of these cells whilst, surprisingly 

plakoglobin and desmoplakin can also be found to be perinuclear. This perinuclear collection 

may be an artefact caused by the antibody. Figure 5.7A shows a distinct collection of 

desmoplakin at the cell membrane between two cells where an intercalated disc may begin 

to form. FLNC however, although present at the cell membrane in these cells, is also present 

in large amounts in the cytosol and, therefore we speculate that it may only completely 

localise to the intercalated disc at a later level of maturity i.e. when they are more developed. 
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Figure 5.6 - Immunostaining of neonatal mouse wild type cardiomyocytes for FLNC and DSP taken at x63 power (see chapter 2 for details). 

FLNC (green) is present at the cell membrane and cytosol and DSP (red) is located at the cell membrane. DAPI staining in blue highlights the 

nucleus of the cells. 
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Figure 5.7 - Immunostaining of human iPSC cells differentiated into cardiomyocytes for A: FLNC and desmoplakin, B: FLNC and plakoglobin, 

taken at x63 power (see chapter 2 for details). 

A. FLNC (green) is present at the cell membrane and cytosol and DSP (red) is located at the cell membrane. DAPI staining in blue highlights the 

nucleus of the cells. 
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B. FLNC (green) is present at the cell membrane and cytosol and JUP (red) is located at the cell membrane. DAPI staining in blue highlights the 

nucleus of the cells. 
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5.4.5 Pathology results for eleven cardiac samples with FLNC variants 

Sudden death victims carrying FLNC variants (average age of death 33 years) were examined 

at post mortem (PM). Eight out of eleven cardiac samples had confirmed signs of fibrosis at 

PM and on histological examination 10 samples had signs of fibrosis. Sample 2b had no 

evidence of fibrosis at PM or via histology. This sample did however have some fat infiltration. 

Table 5.3 describes the histological findings for each of the cardiac samples. Figure 5.8(i) and 

5.8(ii) show characteristic H&E staining images for each sample and Massons trichome 

staining for sample 3b respectively.  
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Table 5.3 - Histological characteristics of FLNC tissue samples 

Sample 
ID 

FLNC variant genomic or 
cDNA change 

FLNC amino acid 
change 

Age at death  

(yrs) 

Evidence of fibrosis 
at PM  

Histology findings (H&E) 

1b c.5398G>T p.G1800X 38 N Mild interstitial fibrosis 

2b c.5398G>T p.G1800X 43 N Mild fat infiltration 

3b c.4108C>T p.R1370X 43 N Severe fibrous and mild fatty infiltration and 

replacement 

4b c.4288+2T>G predicted abnormal 

exon splicing 

19 Y Severe fibrous and very mild fatty infiltration and 

replacement 

5b c.2115_2120delTGCCCA p.Y705X 32 Y Interstitial fibrosis and inflammation 

6 c.249C>G p.Y83X 17 Y Severe fibrous replacement and inflammation 

7 c.479C>A p.T160K 52 Y Severe fibrous replacement 

8 g.128470694_128498579del 

(c.3_*2del) 

p.0? 38 Y Severe fibrous replacement and inflammation 

10 c.105G>C p.K35N 47 Y Mild Interstitial fibrosis 

11 c.1965_1966delTG p.A656PfsX8 16 Y Severe fibrous replacement and inflammation 

12 c.5298+21C>T predicted abnormal 

exon splicing 

22 Y Severe fibrous and very mild fatty infiltration and 

replacement 
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Figure 5.8 (i) H&E staining images for eleven cardiac samples with FLNC variants. 

H&E staining of left ventricular myocardium obtained at post mortem from FLNC variant 

carriers showing fibrous and fatty infiltration and areas of inflammation. 

Sample 2b

Mild fat infiltrationMild Interstitial fibrosis

Sample 1b Sample 3b

Severe fibrous and mild fatty 
infiltration and replacement

Sample 4b

Severe fibrous and very mild fatty 
infiltration and replacement

Sample 5b

Interstitial fibrosis and inflammation

Sample 6

Severe fibrous replacement and 
inflammation

Sample 11

Severe fibrous replacement and 
inflammation

Sample 7

Severe fibrous replacement

Sample 8

Severe fibrous replacement and 
inflammation

Sample 10

Mild Interstitial fibrosis

Sample 12

Severe fibrous and very mild fatty 
infiltration and replacement
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Figure 5.8 (ii) Massons Trichome staining images for FLNC sample 3b. 

Massons trichome staining of left ventricular myocardium obtained at post mortem from 

FLNC sample 3b showing A). fatty (asterisks) and fibrous infiltration (arrow heads) (x250) and 

B). Additionally patchy degeneration of cardiomyocytes (arrows) (x400). 

 

 

 

5.4.6 Selection of FLNC antibody for immunohistochemistry 

Selecting the correct antibody is vital for an immunohistochemistry experiment. Therefore, 

before comparing patient samples to controls to investigate the effect of FLNC variants, 

different FLNC antibodies were tested on both control and patient samples under the same 

conditions to identify the most appropriate antibody. 

Figure 5.9 shows the test staining of two patient samples with FLNC variants and an age-

matched control with six different human FLNC antibodies (controls were not sex matched). 

This experiment shows that in all the samples that the antibodies successfully worked, there 

is a signal produced in the intercalated disc region in the control cardiac material. The 

antibody with the greatest difference between the control and patient samples, however, 

shows a very strong intercalated disc signal and no signal in the patient material. This was the 
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Abcam FLNC antibody at a 1:200 concentration which recognises the C-terminal part of FLNC. 

The antibodies were used in a ‘titration’ concentration. Therefore, at a very high 

concentration even patient samples will show some signal. However, the selected antibody 

was titrated and serially diluted to highlight the difference between the control sample and 

patient samples 

Figure 5.9 - Immunohistochemistry staining of paraffin-embedded cardiac specimens from 

two patient samples and controls taken at x63 power (see chapter 2 for details). 

Experiment was carried out to identify the most appropriate FLNC antibody for 

immunohistochemistry staining. 

 

 

 

 

 

Biorbyt orb156880; 1:100 Rabbit – No difference between controls and disease

Novus Biological NB600; 1:100 Mouse – Staining pattern does not correspond to intercalated discs in control sample
Control Sample 2b (p.G1800*) Sample 5b ( p.Y705*)

Control Sample 2b (p.G1800*) Sample 5b ( p.Y705*)
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Novus Biologicals NBP1-89300; 1:50 Rabbit - good ID signal in control, depressed in disease

MyBio MBS200; 1:50 Rabbit - faint ID signal in control, no signal in disease
Control Sample 2b (p.G1800*) Sample 5b ( p.Y705*)

Control Sample 2b (p.G1800*) Sample 5b ( p.Y705*)

GeneTex; 1:100 Rabbit - faint ID signal in both control and disease

AbCam, 1:200 Rabbit - excellent ID signal in control, no signal in disease; Most appropriate antibody to use.

Control Sample 2b (p.G1800*) Sample 5b ( p.Y705*)

Control Sample 2b (p.G1800*) Sample 5b ( p.Y705*)
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5.4.7 FLNC and desmosomal protein staining 

 

Table 5.4 - Immunohistochemistry data for eleven cardiac specimens (RV and LV) with FLNC 

variants compared to control samples. 

 

Table 5.4 summarises the immunohistochemistry results and Figure 5.10 A-E displays the 

immunohistochemistry staining for five cardiac samples with FLNC variants compared to 

aged-matched cardiac control samples. In all cases staining for N-cadherin was used as a 

marker of tissue quality as it is known that the distribution of this protein is not affected in 

ACM samples182. The staining for all samples showed similar patterns, (described in Table 5.5). 

FLNC was strong and indistinguishable from controls in 10/11 (91%) right ventricular (RV) 

samples; however, it was found to be reduced in all 11 patient samples in the left ventricular 

(LV) samples. The plakoglobin signal was strong and indistinguishable from the controls in 

Sample ID / FLNC 
variant 

FLNC JUP CX43 DSP SAP97 GSK3β

RV LV RV and LV RV LV RV LV RV LV RV LV

1b / p.G1800X 

2b / p.G1800X 
N/A N/A N/A N/A

3b / p.R1370X 

4b / c.4288+2T>G 

5b / p.Y705X 

6 / p.Y83X

7 / p.T160K 
N/A N/A N/A N/A

8 / c.3_*2del 

10 / p.K35N 

11 / p.A656PfsX8 

12 / c.5298+21C>T 

Immunohistochemistry data from RV and LV specimens with FLNC variants compared to controls. Normal         ; Reduced             ;   

Lateralization             ; sarcomeric .
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9/11 (82%) patient samples in both LV and RV samples. The signal for Cx43 was reduced in 

20% RV samples and 60% LV samples; interestingly when Cx43 staining intensity was 

decreased in the RV, the LV signal for Cx43 was also reduced for the same patient sample. In 

40% LV patient samples in which Cx43 immunostaining intensity was reduced the 

corresponding results for the RV were: either normal staining for Cx43 or lateralisation of 

Cx43 (one RV sample was not available). Desmoplakin was found to be reduced at cell-cell 

junctions in 50% LV samples. When the LV staining for this protein was reduced in a patient 

sample, the RV intensity for desmoplakin was also diminished. In total, desmoplakin staining 

intensity was reduced in 80% RV samples; in 50% of them reduced desmoplakin was observed 

in the both ventricles and 30% were associated with a normal LV desmoplakin signal. In 

samples 10 and 1b, SAP97 immunoreactive signal appeared to be present at the sarcomeres 

whilst showing a reduction in the intercalated disc distribution of the protein. In contrast, 

eight samples displayed a full reduction of SAP97 both at the intercalated disc and the 

sarcomere. 
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Figure 5.10 - A-E Immunohistochemistry staining comparing control samples with patient cardiac samples with different FLNC variants for FLNC, 

connexin 43, plakoglobin, desmoplakin, SAP97 and GSK3β taken at x63 power (see chapter 2 for details). 

Top panel, control sample; middle panel, RV sample; bottom panel, LV sample. Overall, signal for FLNC appears normal in the RV but reduced in 

the LV. N-cadherin is used as a marker of tissue quality and is normal in all specimens. 

A: Sample 3b, FLNC variant p.R1370X 
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B: Sample 4b, FLNC variant c.4288+2T>G 
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C: Sample 5b, FLNC variant p.Y705X 
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D: Sample 6 FLNC variant p.Y83X 
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E: Sample 10 FLNC variant p.K35N 
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5.5 Discussion 

 

Here, we present the immunocytochemistry and immunohistochemistry results in HL-1 cells, 

murine neonatal cardiomyocytes, human iPSC-CMs and human paraffin-embedded cardiac 

tissue from patients with FLNC variants and aged-matched control samples. In a number of 

different cell types we have investigated FLNC, Cx43, actin, desmin and major desmosomal 

proteins which are normally located at the intercalated disc. This has enabled us to determine 

that the location of FLNC in different cell types shows a very similar distribution compared to 

human tissue. It has also allowed us to investigate cells at different levels of maturity and it 

appears that FLNC localisation in cells does not vary with differing maturity. FLNC is a 

sarcomeric - Z disc protein that has a role in cell adhesion connecting cells to the extracellular 

matrix (ECM)65. Its location has previously been reported at both Z-bands and the intercalated 

disc65 which we have confirmed in all cell types tested at varying levels of maturity. 

In more mature cells types, such as HL-1 cells, cells displayed the basis of the intercalated disc 

formation and individual cells connected with one another and formed large sheets of cells. 

FLNC and other desmosomal intercalated disc proteins such as plakoglobin and desmoplakin 

co-localised in this region in our immunocytochemistry staining experiments. Claycomb et al 

found that the sarcomeric proteins desmin and myosin were located in a concentric type 

pattern in both the cytoplasm and at the cell membrane of HL-1 cells115. We have confirmed 

these findings in our HL-1 cell staining as we identified FLNC in these locations co-localising 

with desmin and actin (Figure 5.1).  

It must be noted that in immature murine neonatal cardiomyocytes (P3) and in human iPSC-

CMs the cells are more solitary and do not form the connections observed in HL-1 cells, this 
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may possibly be due to the level of maturity or due to the differentiation process of iPSC -

CMs. In these cells, FLNC and desmosomal proteins can be found around the outer membrane 

of cells which, as cells mature, will form connections with neighbouring cells and develop into 

Z discs or intercalated discs. FLNC localised in the cytosol as well as the cell membrane of the 

cells we have stained. This could be due to immaturity of these cells compared to cardiac 

tissue or may be due to FLNC being present in other areas such as the Z disc which are not 

imaged in a single cell. As previously mentioned, we have also found other sarcomere related 

proteins, desmin and actin, to be present in the cytosol of HL-1 cells and this may be the 

equivalent location to the Z disc in fully formed human tissue.  These experiments have 

allowed us to identify the cell line that most closely resembles the human heart in terms of 

protein location and immunohistochemistry disease pattern. As our FLNC knockdown in HL-1 

cells did not produce a typical model of ACM, it is likely that the disease mechanism associated 

with FLNC disease may differ. We, therefore, believe HL-1 cells still portray the closest 

resemblance to human tissue in terms of studying cardiac protein localisation. 

Figures 5.4 and 5.5 display the immunocytochemistry and western blot results for FLNC 

knockdown HL-1 cells using siRNA compared to control cells. The knockdown was successful 

as determined by the western blot which shows the absence of FLNC in the knockdown cells 

compared to the control cells. The house keeping gene vinculin is present in both the FLNC 

knockdown cells and control cells at the same level. A second house-keeping gene, alpha - 

tubulin, was detected in the control cells but, surprisingly, was knocked down in the FLNC 

knockdown cells. Alpha-tubulin, like FLNC, is involved in cytoskeletal regulation with actin183,  

therefore, it is possible that knocking down FLNC has also had an effect on alpha-tubulin 

resulting in its decreased expression in the FLNC knockdown cells.  
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Table 5.4 and Figure 5.10 display the FLNC and desmosomal protein staining for the cardiac 

samples with various FLNC variants compared to controls. All samples showed a decreased 

signal intensity for FLNC in the left ventricle indicating a predominant left ventricle disease 

pattern associated with variants in this gene. This has also been confirmed by other studies 

in FLNC patients with restrictive cardiomyopathy and dilated cardiomyopathy which have 

shown a consistent strong intercalated disc localisation for FLNC in control human tissue 

which decreases or is completely absent in patient samples64 156 167. 

Previous studies have indicated that, in ARVC, plakoglobin translocates from the intercalated 

discs to intracellular pools. In the myocardium from patients with ARVC, plakoglobin 

consistently appears to have a decreased immunoreactive signal at the intercalated disc, a 

feature which is now considered as  a ‘hallmark’ of disease pathogenesis180. Interestingly, the 

signal for plakoglobin was strong and indistinguishable from controls in 9/11 samples 

examined in our FLNC cohort in both left and right ventricular samples.  Similarly, the major 

gap junction protein Cx43 is usually shown to be significantly depressed at cardiac 

intercalated disks in patients with ARVC182. Although not specific to ARVC, gap junction 

remodelling appears to precede histological and functional abnormalities in this disease, 

while in other cardiomyopathies it is believed to occur after the heart has been significantly 

remodelled180. In other words, Cx43 remodelling has been identified to be a primary factor in 

disease pathogenesis not associated with histological changes of the myocardium184. It is 

important to note, however, that although gap junction remodelling can be seen at an 

immunohistochemistry level, it is not known what the functional consequences of these 

observations are182. In our FLNC cohort, junctional signal for Cx43 was reduced only in 20% 

RV samples which also showed a similar pattern in the LV compared to 40% LV samples that 

did not have a reduction in the RV. Given the advanced disease state and predominant LV 
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involvement in all our FLNC cases, we were unable to judge whether Cx43 remodelling played 

a primary role in disease pathogenesis or was due to the histological changes of the 

myocardium. Moreover, the signal for the desmosomal protein desmoplakin was found to be 

reduced at cell-cell junctions in 80% RV samples and 50% LV samples where analysis was 

possible. When the desmoplakin signal was reduced in the LV sample in a patient, the 

corresponding RV signal was also reduced. Desmoplakin localisation is altered when the gene 

is mutated in ARVC, this mis-localisation has also been described in cases of left-dominant 

arrhythmogenic cardiomyopathy182. Most of the FLNC cases had predominantly left dominant 

pattern of disease and the observed absence of desmoplakin in this ventricle is in line with 

this phenotype. Studies indicate that the enzyme glycogen synthase kinase 3β (GSK3β) is re-

distributed from the cytosol to the intercalated disc in cases of classic ARVC rendering this 

observation another hallmark of the disease179.  None of the 11 FLNC cases examined showed 

this re-distribution. All these non-classical ARVC signs are consistent with the hypothesis that 

disease associated with FLNC variants presents with an LV arrhythmogenic 

cardiomyopathy/DCM type phenotype which may manifest via a different mechanism to 

typical right ventricular arrhythmogenic cardiomyopathy. Begay et al. (2018) showed similar 

immunohistochemistry results to our findings for a patient with the p.G1891Vfs61X FLNC 

mutation identifying normal plakoglobin immunostaining signal compared to control 

samples. They also identified normal Cx43 immunoreactive signals, differing from our 

reduced signals; this was, however, in a single case64. Desmoplakin was identified as being 

reduced at the junctions, along with a normal GSK3β cytoplasmic distribution, findings which 

we have supported.  

Of note, three tissue samples carried additional variants in cardiac genes but their significance 

is unclear. In particular, missense variants in DSP and PKP2 are rare VUS which have not been 
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reported in relation to cardiomyopathy whilst the MYBPC3 splice site variant (c.26-2A>G) in 

sample 10 has been previously detected in HCM patients181 and is considered pathogenic. 

However, there was no evidence of hypertrophy at PM examination of this sample and 

therefore it is not possible to determine the contribution of this variant to the observed 

phenotype.  Due to the uncertainty as to the pathogenicity of these three variants their role 

in the observed protein distribution patterns could not be evaluated. 

 

Collectively, our analysis suggests that the ‘molecular signature’ of FLNC cardiomyopathy is 

distinct to that of typical ARVC. These results indicate that different variants of ACM are 

possibly underlined by separate molecular mechanisms of pathogenesis. 

 

 

5.6 Conclusion and limitations 

5.6.1 Conclusions 

 
FLNC has been confirmed to be located at the intercalated disc in control cells and tissue. It 

can be found at the cell junctions in both mouse and human cell lines which is important for 

future experiments as human tissue is very difficult to obtain. 

 

Immunohistochemistry data in ARVC cases show plakoglobin translocating away from the cell 

junctions / intercalated discs and GSK3beta translocating to the junctions180 182. Our data 

shows that neither occurs in tissue samples from the majority of FLNC variant carriers. It is, 

therefore, hypothesised that another pathway may be responsible for causing this form of 

ACM.  



 
 

 223 

 

5.6.2 Limitations 

 
 
Limitations to this study include a small number of available human cardiac samples.  Human 

cardiac tissue is difficult to obtain and in 2/11 of our patient samples the right or left ventricle 

was not available for analysis. Interpretation of immunohistochemistry and 

immunocytochemistry results can be subjective and in future studies quantitative analysis 

with computer software programs such as Image J and Cell Profiler could be used to assess 

the presence of reduced and absent protein signals. 
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Chapter 6: RNA sequencing and Pathway analysis 

 

6.1 Introduction 

Classic ARVC is mainly caused by desmosomal gene mutations which may contribute to the 

pathogenesis of ACM by supressing the Wnt/b catenin signalling pathway. According to this 

hypothesis some desmosomal mutations allow plakoglobin to translocate from the plasma 

membrane to the nucleus and compete with b catenin for binding to the transcription factor 

7 like 2 (Tcf7l2/Tcf4) protein52.  Plakoglobin and b-catenin have distinctive binding sites and 

differing affinity for Tcf7l2/Tcf4 and, as a result, activation of different molecular pathways 

occurs once these two proteins are bound to Tcf712/Tcf4. In particular, b catenin binds to 

Tcf7l2/Tcf4 inciting gene transcription, whereas plakoglobin, which has a lower affinity and 

binding ability for Tcf7l2/Tcf4, supresses transcription, therefore supressing canonical Wnt 

signalling. This leads to an increase of bone morphogenic protein7 (BMP7) and Wnt5b, which, 

in turn, promotes adipogenesis and causes a reduction of connective tissue growth factor 

(CTGF) (an inhibitor of adipogenesis)52, 82. So, it is believed that this suppression of the Wnt/b 

catenin signalling pathway is one of the key disease mechanisms that may be causing the 

pathogenic features that we see in typical ARVC at the molecular level82.  

The hypothesis of the work in this chapter is that in cardiomyopathy caused by FLNC 

mutations a different signalling pathway may be affected accounting for its distinct 

phenotype in comparison to typical ACM. 

Generally, functional work to identify how a specific mutated gene may be causing a disease 

can be difficult. With limited human material, in the form of 7 paraffin-embedded cardiac 

tissue samples from patients with different FLNC variants, it was considered that RNA 
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sequencing (RNA-seq) would give the best insight into the functionality of specific mutations 

at the level of the transcriptome. Furthermore, bioinformatic analysis of RNA-seq data would 

provide important information on how specific signalling pathways, including the Wnt/b 

catenin signalling pathway, were impacted in cardiac tissue with FLNC variants. 

Transcription of genes into RNA leads to the regulation of the majority of a cell’s activity. RNA 

sequencing is a powerful method which allows the study of the transcriptome of a cell or a 

population of cells and thus provides an insight into the functional aspects of how expression 

of a specific gene may result in disease185. Next generation sequencing methodology has 

made RNA-seq much more accessible. The methodology now consists of extracting RNA and 

converting to cDNA, preparing a library and sequencing on a specific NGS platform as shown 

in Figure 6.1. 

We hypothesised that in cardiac samples from patients with FLNC variants there would be 

differential expression of isoforms and genes (up- or down- regulated) compared to the 

control samples with no heart disease. It was postulated that by conducting pathway analysis 

through various software programs to investigate the Kyoto Encyclopedia Gene and Genomes 

(KEGG) pathways and Canonical pathways, in tissue samples with FLNC variants a different 

disease mechanism would be identified to the traditional b-catenin/Wnt signalling pathway 

associated with classic ARVC caused by desmosomal gene mutations82.  
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Figure 6.1 - Diagram of RNA sequencing by NGS methodology, (from Kukurba et al. 2015185). 

As detailed in this diagram RNA was extracted from paraffin blocks, selected by size and 

converted to cDNA before constructing a sequencing library for PCR amplification. 
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6.2 Aim of study 

 

The aim of this study was to identify signalling pathways disrupted in FLNC associated 

cardiomyopathy. Paraffin-embedded tissue samples with different FLNC variants were used 

to study the transcriptome in cardiac tissue, compared to controls and samples from typical 

ARVC - desmosomal mutation carriers, in an attempt to identify genes that have increased or 

decreased expression.  

 

6.3 Methods Used 

See Materials and Methods in Chapter 2 for the following: RNA extraction, RNA sequencing 

library preparation and Next Generation Sequencing, bioinformatic Analysis: in-house 

filtering pipelines, data analysis and confirmation of RNA-seq analysis data by qPCR. 

 

6.4 Results 

6.4.1 Patient population 

 

In this work we utilised formalin fixed paraffin-embedded (FFPE) cardiac samples from FLNC 

mutation carriers which were originally obtained by a collaborative research project between 

Spanish pathology centres and hospitals (described in more detail in Chapter 5). Six of these 

samples consisted of sufficient tissue material to extract RNA and along with aged matched 

controls were subjected to RNA sequencing analysis. In addition, five paraffin cardiac tissue 

samples from UK sudden cardiac death victims known to have typical ARVC due to 

desmosomal gene mutations were included in the study along with one British FLNC sudden 

cardiac death case.  
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The three groups analysed in this study were those with FLNC variants n=7, typical ARVC-

desmosomal mutations, n=5 and controls, n=4. 

A total of 16 fixed tissue samples were subjected to RNA-seq studies. In detail those were: 

Controls 1-4 (control group), samples 1a-5a (typical ARVC with desmosomal mutations group) 

and samples 2b, 3b, 4b, 6-9 (FLNC variant group). 

The FLNC variant group (G2) comprised seven samples from filamin C variant carriers (Table 

6.1) whilst cases in the typical ARVC group (G1) carried pathogenic variants in DSG2 and PKP2 

(Table 6.2). All seven FLNC variants were novel and predicted to be disease-causing by various 

in silico variant analysis tools (Table 6.1).  
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Table 6.1 - Genetic variants present in the FLNC group (G2) and in silico analysis using electronic resources that predict variant effect on 

protein function. 

 

 

 

 

 

 

 

 

 

 

 

Variant classification according to ACMG-AMP guidelines110 was performed as described in Chapter 2: Materials and Methods 111 112. 

^ Genomic coordinates of the FLNC gene according to Ensembl human genome assembly GRCh37.p13.

Sample 
number 

FLNC genomic or cDNA 
change 

Amino acid 
change 

gnomAD 
frequency 

SIFT PolyPhen- 
2 

Mutation 
Taster 

ACMG 
classification 

2b c.5398G>T p.G1800X Novel N/A N/A Disease 

causing 

Pathogenic 

3b c.4108C>T p.R1370X Novel N/A N/A Disease 

causing 

Pathogenic 

4b c.4288+2T˃G predicted 

abnormal exon 

splicing 

Novel N/A N/A N/A Pathogenic 

6 c.249C>G p.Y83X Novel N/A N/A Disease 

causing 

Pathogenic 

7 c.479C>A p.T160K Novel Damaging Probably 

Damaging 

Disease 

causing 

VUS 

8 g.128470694_128498579del 

(c.3_*2del)^ 

p.0? Novel N/A N/A N/A Pathogenic 

9 c.7252-1 G>A predicted 

abnormal exon 

splicing 

Novel N/A N/A N/A Pathogenic 
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Table 6.2 - Desmosomal gene mutations present in the typical ARVC group (G1). 

Sample Number  Desmosomal gene variant 
1a DSG2 - p.M1I and p.I333T 
2a PKP2 - c.2146-1G>A 
3a PKP2 - p.R101H 
4a PKP2- p.R143X 
5a DSG2 - p.I333T 

 

As described earlier (Chapter 2: Materials and Methods) three online programmes (HSF, 

NetGene2 and BDGP)106,107 108,109 were used to predict how the c.4288+2T˃G variant would 

affect the donor splice site of FLNC exon 24. In particular, the donor splice site for this exon 

was predicted to be abolished in the presence of the c.4288+2T˃G variant by NETGENE2 and 

BDGP software analysis. In HSF the wild type donor splice site had a consensus value of 87.86 

(CAGgtgtgc). The mutated variant was predicted to create a new donor splice site (consensus 

value of 69.32; GGGgtgcag) which would include two nucleotides from intron 24 shifting to 

the exonic part of the donor consensus sequence. As with the previous variant, this would 

result in a frameshift around the splice site which would lead to a premature termination 

codon in exon 25 (Figure 6.2). 
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Figure 6.2 - Predicted effect of the c.4288+2T˃G variant on the donor splice site for FLNC exon 

24.  

Analysis of the possible effect of this variant on FLNC splicing by the NETGENE2 and BDGP 

software indicated that c.4288+2T˃G would result in a premature termination codon in exon 

25. 

6.4.2 Quality control 

 

Quality control is an important part of RNA sequencing analysis. Table 6.3 shows the 

concentration and RIN values for each of the paraffin cardiac samples that had RNA 

successfully extracted. All of the RIN values are below 5 indicating poor RNA quality which 

could interfere with profiling results. This is due to the time between the death of the patient 

and the fixation of the tissue as well as the method used for tissue fixation. Even though it is 

well known that paraffin embedded samples have a higher degree of degradation compared 

to fresh or frozen tissue, FFPE samples can still be suitable for RNA sequencing as long as the 
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RNA has been preserved186. So, samples with relatively low RIN values may still be usable in 

RNA sequencing.  

Figure 6.3 displays the percentage of mapped, unmapped, rRNA and mtRNA reads per sample 

in our study. The average genome mapping rate was 26.4% and 53.1 million reads were 

acquired per sample on average. It is established that 40 million reads per sample  are 

sufficient for differential expression of genes in total RNA-seq187. Table 6.4 shows the number 

of genes and isoforms identified in each sample. In this work isoforms are defined as proteins 

encoded by different RNA transcripts of the same gene. They mainly result from alternative 

forms of splicing and usually vary in length. Expression of isoforms can also be tissue specific. 

As analysis relies on the average of identified genes and isoforms within a group, ideally 

samples within a particular group should yield similar number of genes and isoforms. When 

taking this into consideration the variation between the samples in the desmosomal group 

(G1, Samples 1a, 2a, 3a, 4a and 5a) was considered to be too great and therefore no further 

analysis was carried out using this group of samples.  
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Table 6.3 - RNA concentration and RIN values for RNA samples extracted from FFPE cardiac 

tissue specimens. RIN values below 5 indicate a relatively poor RNA quality. 

 

 

 

 

 

 

 

 

 

Figure 6.3 - Comparison of mapped, unmapped, rRNA and mtRNA reads per RNA-seq sample. 

In this experiment the average genome mapping rate was 26.4% and 53.1 million reads were 

acquired per sample on average. 
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Table 6.4 - Number of genes and isoforms identified in RNA-seq samples. 

 

6.4.3 Control group vs FLNC group analysis 

In contrast, the number of identified genes and isoforms in the control (C1, control 1, 2, 3, 4) 

and FLNC (G2, samples 2b, 3b, 4b, 6, 7, 8, and 9) samples was similar within the respective 

groups and therefore further bioinformatic analysis could be performed between these two 

groups.  Figure 6.4 is a volcano plot showing the relationship between the p-values and log-

2-fold change in normalised expression (FPKM) between controls (C1) and FLNC samples (G2).  

Genes that pass the filtering of q-value <0.05 are indicated on the plot in red. For the present 

study, 10,897 genes pass this filtering criterion.  
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Figure 6.4 - Dysregulated gene expression in ACM cardiac tissue samples carrying FLNC 

variants.  

Volcano plot of the relationship between p-values and log-2-fold change in normalised 

expression (FPKM) between C1 and G2 groups. Red dots indicate significance; blue dots are 

not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

Tables 6.5a-d show the most statistically significant differentially expressed genes and 

isoforms, based on q value, separated into up- and down- regulated genes and isoforms 

between the control group and FLNC variant group.  



 
 

 236 

Table 6.5a - Most statistically significant upregulated isoforms in the FLNC group compared to the control group. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Table 6.5b - Most statistically significant downregulated isoforms in the FLNC group compared to the control group. 
 

 
 
 
 
 
 
 
 

ID Gene ID Gene Locus
Avg FPKM 

Control Group
Avg FPKM 

FLNC Group Log2 fold change p value q value Significant

TCONS_00373954 XLOC_105364 ASPN 9:95059639-95432547 6.715 126.217 4.23237 0.004 0.0206466 yes
TCONS_00097061 XLOC_026533 HSPH1 13:31710624-31736525 1.91968 34.7608 4.17852 0.0017 0.0115493 yes
TCONS_00111785 XLOC_030960 LTBP2 14:74964872-75079381 1.68856 29.5632 4.12994 0.0023 0.013631 yes
TCONS_00089039 XLOC_023661 LUM 12:91496405-91505608 70.5258 776.377 3.46053 5.00 X10-5 0.00900985 yes
TCONS_00346508 XLOC_095913 PTN 7:136912087-137028611 7.74373 81.6379 3.39814 0.00465 0.0236913 yes
TCONS_00095416 XLOC_025939 - 13:81519267-81543000 0.9629 9.62604 3.32148 5.00 X10-5 0.00900985 yes
TCONS_00258436 XLOC_065854 MME 3:154741912-154901687 0.75651 7.2478 3.26011 0.0098 0.0482563 yes
TCONS_00124709 XLOC_033970 CILP 15:65488336-65503826 3.7354 34.9558 3.2262 5.00 X10-5 0.00900985 yes
TCONS_00111784 XLOC_030960 LTBP2 14:74964872-75079381 5.69797 49.5315 3.11983 0.0033 0.0172539 yes
TCONS_00412240 XLOC_114940 MXRA5 X:3226605-3264682 3.4666 29.8002 3.10373 5.00 X10-5 0.00900985 yes
TCONS_00373944 XLOC_105362 OGN 9:95059639-95432547 12.8496 104.297 3.02091 0.0007 0.00948929 yes
TCONS_00245210 XLOC_062588 FBLN1 22:45898117-45997015 9.79899 66.2597 2.75743 0.0049 0.0249075 yes
TCONS_00095417 XLOC_025940 - 13:81543257-81551381 1.12171 7.47376 2.73614 5.00 X10-5 0.00900985 yes
TCONS_00067158 XLOC_018462 RP11-736K20.5 11:86502100-86666433 2.77691 17.6094 2.66479 0.00075 0.00948929 yes
TCONS_00209935 XLOC_051720 COL3A1 2:189839045-189877472 14.8195 89.4396 2.59342 0.0062 0.0311918 yes
TCONS_00316489 XLOC_085538 MARCKS 6:114178540-114184648 14.3921 86.3378 2.58472 5.00 X10-5 0.00900985 yes
TCONS_00224060 XLOC_055955 SCN7A 2:167259954-167350757 8.15267 47.6331 2.54662 0.00995 0.0489651 yes
TCONS_00294749 XLOC_078070 THBS4 5:79287133-79379477 16.399 95.6663 2.54441 0.01015 0.049924 yes
TCONS_00338066 XLOC_093505 GIMAP4 7:150264364-150271535 4.05668 22.9687 2.5013 0.0005 0.00948929 yes

ID Gene ID Gene Locus

Avg FPKM
Control 
Group

Avg FPKM 
FLNC 

Group 
Log2 

fold change p value q value Significant

TCONS_00276966 XLOC_070803 IL8 4:74606222-74609433 40.5858 3.69506 -3.4573 0.00015 0.00948929 yes
TCONS_00037951 XLOC_010943 - 10:92725857-92737991 32.8406 3.69065 -3.15354 0.00045 0.00948929 yes
TCONS_00410435 XLOC_114320 - X:121561677-121564680 16.2581 2.07556 -2.96959 0.0005 0.00948929 yes
TCONS_00330025 XLOC_091157 - 7:13037237-13041177 10.6273 1.48941 -2.83497 0.00095 0.00948929 yes
TCONS_00336586 XLOC_093041 FLNC 7:128470430-128550773 193.781 27.9739 -2.79228 0.0011 0.00948929 yes
TCONS_00094757 XLOC_025476 - 13:66526174-66531831 16.9272 2.60147 -2.70194 5.00 X10 -5 0.00900985 yes
TCONS_00410433 XLOC_114318 - X:121556453-121560060 11.3945 1.75209 -2.70119 0.0012 0.00967228 yes
TCONS_00014470 XLOC_003819 - 1:205848128-205852493 17.219 2.6593 -2.69488 5.00 X10 -5 0.00900985 yes
TCONS_00177535 XLOC_044425 NMRK2 19:3933100-3950077 180.032 27.9707 -2.68627 0.0098 0.0482563 yes
TCONS_00096945 XLOC_026498 SLC7A1 13:30083403-30169825 7.14691 1.12754 -2.66414 0.00455 0.0232038 yes
TCONS_00365816 XLOC_102240 - 9:76074654-76087380 30.0715 4.96868 -2.59746 5.00 X10 -5 0.00900985 yes
TCONS_00199734 XLOC_048068 AC092687.4 2:10984415-11041540 9.26325 1.62369 -2.51224 0.00045 0.00948929 yes
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Table 6.5c - Most statistically significant upregulated genes in the FLNC group compared to the control group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ID Gene ID Gene Locus
Avg FPKM 

Control Group
Avg FPKM 

FLNC Group
Log2

fold change p value q value Significant
XLOC_054251 XLOC_054251 EVA1A 2:75696427-75796848 0.0143123 3.38642 7.88636 0.00185 0.00864603 yes
XLOC_085814 XLOC_085814 - 6:122121817-122122755 0.0242876 5.21915 7.74745 0.01475 0.0479812 yes
XLOC_094342 XLOC_094342 SFRP4 7:37723398-38065297 0.386018 33.0432 6.41954 0.0005 0.00658475 yes
XLOC_095390 XLOC_095390 snoU13 7:110303109-111202573 0.718877 34.7597 5.59552 0.00855 0.0289736 yes
XLOC_079883 XLOC_079883 CTB-174D11.1 5:168081517-168728133 0.15431 6.6216 5.42328 5.00x10-5 0.00432787 yes
XLOC_034445 XLOC_034445 PLIN1 15:90207595-90234014 0.198273 6.97639 5.13692 0.00735 0.0251697 yes
XLOC_111848 XLOC_111848 MT-TQ MT:1-16569 26.4634 898.253 5.08505 0.00955 0.0320981 yes
XLOC_021538 XLOC_021538 C12orf75 12:105501101-105789875 0.160345 5.08151 4.98601 5.00x10-5 0.00432787 yes
XLOC_013462 XLOC_013462 ADAM12 10:127700949-128077024 0.156319 4.59541 4.87763 0.0079 0.0269178 yes

XLOC_038969 XLOC_038969
AC090774.2,RP11-344E13.3, 

RP11-381P6.1, RP11-746M1.2 17:20717932-20947073 0.254567 6.61108 4.69877 5.00x10-5 0.00432787 yes
XLOC_083987 XLOC_083987 C6orf48 6:31802384-31807541 11.4351 294.119 4.68486 5.00x10-5 0.00432787 yes
XLOC_097723 XLOC_097723 CA3 8:86239836-86393722 0.331515 8.49289 4.67911 0.0112 0.0373742 yes
XLOC_007886 XLOC_007886 SELE 1:169631244-169863408 0.1756 4.29692 4.61294 0.0021 0.0089874 yes
XLOC_058378 XLOC_058378 SNHG11 20:37075220-37079564 1.93216 42.1906 4.44863 5.00x10-5 0.00432787 yes

XLOC_003946 XLOC_003946 SERTAD4 1:210404800-210420069 0.566194 11.7475 4.37492 0.00585 0.020348 yes
XLOC_096183 XLOC_096183 RARRES2 7:149941004-150038763 0.64435 11.7811 4.19249 0.00415 0.0148357 yes
XLOC_039570 XLOC_039570 HEXIM2 17:43224683-43248951 0.20517 3.71369 4.17797 5.00x10-5 0.00432787 yes
XLOC_018119 XLOC_018119 RP11-849H4.2 11:71576554-71639700 0.199639 3.45245 4.11215 0.0016 0.00774343 yes
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Table 6.5d - Most statistically significant downregulated genes in the FLNC group compared to the control group. 

 

 
ID Gene ID Gene Locus

Avg FPKM 
Control Group

Avg FPKM 
FLNC Group

Log2 fold
change p value q value Significant

XLOC_019922 XLOC_019922 - 12:20448842-20449115 39.2278 0.0787976 -8.95951 0.01185 0.0393503 yes
XLOC_010861 XLOC_010861 - 10:89221615-89221892 35.0817 0.0768993 -8.83353 0.01185 0.0393503 yes
XLOC_017042 XLOC_017042 - 11:25944628-25944732 706.404 1.7651 -8.6446 0.01185 0.0393503 yes
XLOC_082002 XLOC_082002 - 5:126375127-126375227 916.213 2.29003 -8.64417 0.01185 0.0393503 yes
XLOC_078609 XLOC_078609 - 5:113585097-113585214 352.097 0.88712 -8.63263 0.01185 0.0393503 yes

XLOC_075062 XLOC_075062
RP11-359D14.2, 
RP11-359D14.3 4:77356252-77723117 284.981 0.730912 -8.60695 0.00545 0.0190559 yes

XLOC_053010 XLOC_053010 - 2:19826691-19827686 6.56339 0.0174247 -8.55717 0.01375 0.0451179 yes
XLOC_114360 XLOC_114360 - X:121627622-121628054 13.6519 0.038391 -8.47412 0.0113 0.0376688 yes
XLOC_058122 XLOC_058122 - 20:23164760-23164884 262.158 0.801185 -8.35408 0.01275 0.0420432 yes
XLOC_081929 XLOC_081929 - 5:123628924-123628999 7367.9 26.3478 -8.12743 0.0113 0.0376688 yes
XLOC_052185 XLOC_052185 C2orf62 2:219135114-219232822 3.58603 0.0306978 -6.86811 5.00x10-5 0.00432787 yes
XLOC_035379 XLOC_035379 ASPHD1 16:29911695-29940254 3.37025 0.0636022 -5.72763 5.00x10-5 0.00432787 yes
XLOC_093374 XLOC_093374 RP4-545C24.1 7:143883175-144077725 4.53227 0.129515 -5.12905 5.00x10-5 0.00432787 yes
XLOC_093621 XLOC_093621 AC011899.9 7:157331749-158380480 6.02031 0.172803 -5.12264 0.00335 0.0121863 yes
XLOC_023882 XLOC_023882 DEPDC4 12:100550134-100660857 8.67157 0.329865 -4.71634 5.00x10-5 0.00432787 yes
XLOC_087466 XLOC_087466 C6orf229,FAM65B 6:24797548-25057301 32.3226 1.38878 -4.54065 0.0027 0.0100712 yes
XLOC_096742 XLOC_096742 RP11-459E5.1 8:22545171-22941132 5.43646 0.253237 -4.42411 0.0067 0.0231386 yes
XLOC_039485 XLOC_039485 CNTD1 17:40950809-40995804 5.09008 0.242906 -4.38922 0.00105 0.00658475 yes
XLOC_115924 XLOC_115924 XIST X:73012039-73072588 52.1767 2.975 -4.13244 0.00185 0.00864603 yes
XLOC_066721 XLOC_066721 FANCD2OS 3:10068097-10149915 17.8511 1.02174 -4.12692 0.0037 0.0133484 yes
XLOC_055910 XLOC_055910 AC009299.2 2:161952741-162111179 17.4194 1.03634 -4.07113 0.01345 0.0442155 yes
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6.4.4 Cytoscape data analysis 

Cytoscape analysis of RNA-seq data generated a protein interaction map shown in Figure 6.5. 

Proteins encoded by two genes (HSPH1 and LTBP2) that are present in the uploaded dataset 

interact with FLNC indirectly as shown by the section highlighted by the red box. Their indirect 

interaction with FLNC via other proteins is depicted in the protein map in Figure 6.6. 

Figure 6.5 - Protein interaction map by Cytoscape.  

Various interactions involving filamin C are showed within the red rectangular. 
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Figure 6.6 - Cytoscape map showing protein interaction between FLNC and LTBP2 and HSPH1. 

 A. with all protein interactions and  B. the pathway between FLNC, LTBP2 and HSPH1 only. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Gene Ontology Annotations were then applied using the applications GOlarise and BiNGO 

within the Cytoscape software package and overlapped on the pathway of interest. 

Selection of GO Annotations for overlay was based on significance and relevance to ACM 

(Figure 6.7). GO terms were identified using the hypergeometric test within the Bingo 

application.  

A B 
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Figure 6.7 - GO Annotations applied to Cytoscape protein interaction map. 

This map shows the interaction of filamin C with other proteins along with GO annotations. 

Nine genes on the Cytoscape interaction map were also 

mapped by the Gene Ontology Annotations software. 

Only the Tuba1a gene was not mapped. In particular, GO 

software identified the following pathways: 

 a. Regulation of the non–canonical Wnt signalling 

pathway was mapped to one gene, ABL1 (p=1.31x10-3).  

b. Regulation of signalling was mapped to four genes, 

HSPH1, JUN, ABL1 and FYN (p=3.01x10-8).   

c. Cell surface receptor signalling pathway annotation 

and signalling annotation were mapped to four genes: 

JUN, ABL1, FYN and LTBP2. Signalling has a p value of 

8.97x10-3 whilst the cell surface receptor signalling 

pathway has a p value of 1.14x10-3.  

 

d. Cell differentiation is mapped to five genes (JUN, TUBB3, FLNC, ABL1 and FYN) with a p 

value of 1.5x10-11.  

e. Response to stress annotation is mapped to six genes (HSPH1, JUN, MAP1LC3B, MAP1LC3A, 

ABL1 and FYN) with a p value of 1.23x10-7.  

All annotations with a p value < 0.05 were considered significant. 
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6.4.5 g:Profiler120 and WebGestalt121 data analysis 

6.4.5.1 – g:Profiler, g:GOSt tool120 

The g:GOSt tool within g:Profiler is a tool that performs statistical enrichment analysis for 

gene lists. Table 6.6 shows the most statistically significant Gene Ontology terms identified 

by this application according to the p value score. Annotations related to adhesion and those 

related to the extracellular matrix have been highlighted. A large proportion of Gene Ontology 

terms related to these two factors were the most statistically significant.  

 

6.4.5.2 – WebGestalt121 

WebGestalt is another programme that performs statistical enrichment analysis.  Figure 6.8 

shows the most enriched Gene Ontology terms in a parent-branch format with the most 

statistically significant terms in dark red. The GO terms identified between WebGestalt and 

the g:GOSt tool dramatically overlap. This shows that despite different statistical methods 

used within the two programmes, similar results are obtained when the same gene lists have 

been analysed. WebGestalt was also used for pathway analysis. It identifies the most enriched 

KEGG pathways shown in Table 6.7 in order of significance based on p value score. The KEGG 

pathway which contained the FLNC gene and showed statistically significant differences 

between the FLNC and control groups was the ‘focal adhesion’ pathway displayed in full in 

Figure 6.9. This pathway contains FLNC and 23 other dysregulated genes from the dataset. 

Two other KEGG pathways identified with slightly higher significant p values were the ‘protein 

digestion and absorption’ and ‘ECM- receptor interaction’ pathway. However, those two 

pathways were not analysed further because the ‘protein digestion and absorption’ pathway 

does not directly relate to cardiovascular disease and the ‘ECM- receptor interaction’ pathway 
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is considered part of the focal adhesion pathway which is the pathway we chose to focus on.  

Figure 6.9 displays the ‘focal adhesion’ KEGG pathway. Genes within this pathway that are 

present in our dataset, after comparing cardiac tissue with FLNC mutations to control cardiac 

tissue, are coloured in red. Those genes that have been shown to be upregulated (n=18) 

according to the RNA-seq log2fold score are indicated by an orange upward pointing arrow 

and those that have been shown to be downregulated (n=6) by a blue down pointing arrow. 

Table 6.8 displays the corresponding gene names to the KEGG pathway abbreviation.
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Table 6.6 - Most statistically significant Gene Ontology annotations based on p value score from the g:Profiler, g:GOSt tool. 

 

* Adhesion annotations 

^ Extracellular matrix annotations 

T = number of protein IDs associated with the GO term 
Q = number of protein IDs submitted for analysis 
Q&T = number of IDs in the submitted list associated with the GO term 
T type = ontology domain, BP=Biological Process, CC=Cellular Component, MF=Molecular Function, rea = reactome 
T group = describes the GO hierarchy, higher numbers are equivalent to leaf nodes and low numbers are parent terms. 

p-value T Q Q&T Q&T/Q Q&T/T Term ID t type t group t name
1.12 x10-20 1348 767 135 0.176 0.1 GO:0022610 BP 27    biological adhesion*
1.72 x10-20 333 767 61 0.08 0.183 GO:0030198 BP 60      extracellular matrix organization^
2.03 x10-20 334 767 61 0.08 0.183 GO:0043062 BP 60     extracellular structure organization
6.01 x10-20 1340 767 133 0.173 0.099 GO:0007155 BP 27     cell adhesion*
5.48 x10-16 532 767 71 0.093 0.133 GO:0031012 CC 39      extracellular matrix^
9.62 x10-15 367 767 56 0.073 0.153 GO:0005578 CC 39       proteinaceous extracellular matrix^
8.22 x10-14 119 767 31 0.04 0.261 GO:0044420 CC 39       extracellular matrix component^
2.22 x10-13 4165 767 263 0.343 0.063 GO:0044421 CC 39     extracellular region part
8.66 x10-12 1010 767 95 0.124 0.094 GO:0072359 BP 27       circulatory system development
9.45 x10-12 4244 767 261 0.34 0.061 GO:0031982 CC 39      vesicle
1.59 x10-11 2518 767 177 0.231 0.07 GO:0009653 BP 27     anatomical structure morphogenesis
2.08 x10-11 662 767 72 0.094 0.109 GO:0030155 BP 27      regulation of cell adhesion*
2.57 x10-11 2790 767 190 0.248 0.068 GO:1903561 CC 39       extracellular vesicle
2.76 x10-11 2792 767 190 0.248 0.068 GO:0043230 CC 39      extracellular organelle
3.34 x10-11 11222 767 546 0.712 0.049 GO:0005737 CC 39       cytoplasm
5.58 x10-11 296 466 45 0.097 0.152 REAC:1474244 rea 45    Extracellular matrix organization^
8.51 x10-11 5663 767 321 0.419 0.057 GO:0048856 BP 27     anatomical structure development
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Figure 6.8 - Map displaying the most enriched GO terms for FLNC group vs control group using WebGestalt.  

Enriched GO terms are shown in the context of the ontology tree. The intensity of the red colour in the GO term boxes indicates significant 

enrichment. GO terms in the white boxes are not significantly enriched but provide information about the parentage of the enriched terms. 

gNum; Number of genes in the gene set also included in each category. 
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Table 6.7 - List of most significantly enriched KEGG pathways by WebGestalt. 

 

 

 

 

 

 

 

 

 

C = Number of reference genes in the category 

O = Number of genes in the gene set also in the category 

E = Expected number in the category 

R = Ratio of enrichment 

Kegg Pathway C O E R P Value FDR
Protein digestion and absorption - Homo sapiens (human) 90 16 4.45 3.60 6.78 x10-6 1.39 x10-3

ECM-receptor interaction - Homo sapiens (human) 82 15 4.05 3.70 9.17 x10-6 1.39 x10-3

Focal adhesion - Homo sapiens (human) 203 24 10.04 2.39 5.67 x10-5 5.73 x10-3

AGE-RAGE signaling pathway in diabetic complications - Homo sapiens (human) 101 15 4.99 3.00 1.16 x10-4 8.8 x10-3

Parkinson's disease - Homo sapiens (human) 142 18 7.02 2.56 2.01 x10-4 1.22 x10-2

Alzheimer's disease - Homo sapiens (human) 171 20 8.45 2.37 2.72 x10-4 1.38 x10-2

Huntington's disease - Homo sapiens (human) 193 21 9.54 2.20 5.2 x10-4 2.26 x10-2

PI3K-Akt signaling pathway - Homo sapiens (human) 341 31 16.86 1.84 6.77 x10-4 2.55 x10-2

Cell adhesion molecules (CAMs) - Homo sapiens (human) 145 17 7.17 2.37 7.56 x10-4 2.55 x10-2

Non-alcoholic fatty liver disease (NAFLD) - Homo sapiens (human) 151 17 7.46 2.28 1.19 x10-3 3.63 x10-2
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Figure 6.9 - Focal adhesion KEGG pathway.  

Genes that are present in our dataset and this pathway are shown in red. Genes found to be upregulated according to the RNA-seq log2fold 

score are indicated by an orange upward pointing arrow and those found to be downregulated by a blue down pointing arrow. 
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Table 6.8 - Gene names corresponding to KEGG pathway abbreviations. 

 Gene 
Symbol Gene Name

Entrez 
Gene ID

Log2 
fold change

Abbreviation In KEGG 
Pathway

MYL12A myosin light chain 12A 10627 -1.08771 MLC

COL1A1 collagen type I alpha 1 chain 1277 1.54081 ECM

COL1A2 collagen type I alpha 2 chain 1278 1.89498 ECM

COL4A4 collagen type IV alpha 4 chain 1286 1.25085 ECM

COL4A6 collagen type IV alpha 6 chain 1288 2.01544 ECM

COL6A1 collagen type VI alpha 1 chain 1291 1.12447 ECM

COL6A2 collagen type VI alpha 2 chain 1292 1.47072 ECM

COL9A3 collagen type IX alpha 3 chain 1299 2.95271 ECM

ITGA11 integrin subunit alpha 11 22801 1.2843 ITGA

FLNC filamin C 2318 -2.79228 Filamin

PARVB parvin beta 29780 -1.30858 Parvin

IGF1 insulin like growth factor 1 3479 2.15509 GF

ITGA4 integrin subunit alpha 4 3676 2.50349 ITGA

ITGB8 integrin subunit beta 8 3696 1.07909 ITGB

JUN Jun proto-oncogene, AP-1 transcription factor subunit 3725 1.02804 c-JUN

LAMA3 laminin subunit alpha 3 3909 1.85056 ECM

MYLK myosin light chain kinase 4638 1.34875 MLCK
PDPK1 3-phosphoinositide dependent protein kinase 1 5170 -1.54527 PDK1

MAPK10 mitogen-activated protein kinase 10 5602 1.82492 JNK

MAP2K1 mitogen-activated protein kinase kinase 1 5604 -1.80161 MEK1

MYL7 myosin light chain 7 58498 -1.17788 MLC

THBS4 thrombospondin 4 7060 3.01903 ECM

VCL vinculin 7414 -1.08955 Vinculin

PDGFD platelet derived growth factor D 80310 2.20255 GF
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6.4.6 Ingenuity Pathway Analysis (IPA) 

 

As confirmation of the pathway analysis findings, another software programme, IPA that 

specialises in pathway analysis, was used. Genes and isoforms were first filtered for 

significance (q value 0.05), then combined and uploaded to IPA, where the data was further 

filtered by the log2fold value (figure 2.6), and analysed for canonical pathway enrichment 

analysis within the dataset. Table 6.9 shows the most significantly enriched canonical 

pathways identified by IPA ordered by the log of the p value.  The ‘integrin linked kinase’ 

pathway (ILK pathway) contains both FLNC and genes present in the ‘focal adhesion’ KEGG 

pathway (FLNC, PARVB, ITGB8, JUN, MAPK10, MYL7 and VCL) with a p value of 2.17 x10-5. The 

‘hepatic fibrosis’ pathway has a p value of 7.75x10-7 and contains many of the genes also 

present in the ‘integrin linked kinase’ (ILK) and ‘focal adhesion’ pathways. This indicates that 

these dysregulated genes within our dataset have multiple functions.  Table 6.10 shows the 

list of genes from our dataset present within the ILK pathway. 

The canonical pathways identified in our dataset in diagrammatic format are displayed in 

Figure 6.10. The bars are coloured based on the prediction for the pathway to be inhibited or 

activated dependent on their z-score. Those bars coloured orange are predicted to be 

activated and the bars that are blue are predicted to be inhibited. White bars have a z score 

close to zero and grey bars indicate no prediction can be made. Figure 6.11 displays the ILK 

canonical pathway. The genes coloured in green are downregulated in this dataset and those 

that are coloured in red/pink are upregulated. 

All types of analysis described in this chapter have been conducted on combined gene and 

isoform data. In total, 1033 genes and isoforms were uploaded to IPA and that number was 

reduced to 849 genes and isoforms once a log2fold of 1 to -1 filtering step was implemented. 
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Genes and isoforms were also analysed separately for IPA; 896 significant genes were 

uploaded to IPA and following the same log2fold of 1 to -1 filtering, a final 824 genes were 

analysed. Similarly, an initial 137 isoforms were uploaded to IPA and 127 isoforms were finally 

analysed. Figures 6.12 and 6.13 show the canonical pathways identified in order of 

significance from the separate analysis of genes and isoforms respectively. It is worth noting 

that the ILK signalling pathway was identified as significant both in the combined gene-

isoform dataset and separately for genes and isoforms. 
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Table 6.9 - Most significantly enriched canonical pathways identified by IPA. 

 

 

 

 

Ingenuity Canonical Pathways -log 

p value

Ratio z score Molecules

Hepatic Fibrosis / Hepatic 

Stellate Cell Activation 6.11 0.131 -
CXCL8,MYH10,COL5A2,VCAM1,TGFBR1,COL4A6,COL6A2,COL12A1,COL9A3,COL8A1,IGFBP5,COL15A1,

MYL7,COL16A1,COL1A2,TLR4,COL1A1,COL6A1,IGF1,ACTA2,COL4A4,PDGFD,TIMP2,COL3A1

ILK Signaling 4.66 0.114 1.342

MAP2K6,MYH10,FBLIM1,PDPK1,VIM,RHOJ,CREB3L4,ITGB8,MYL7,ITGB2,PARVB,PPP2R1A,JUN,ACTA2,CF

L2,FLNC,MAPK10,ATF4,IRS2,VCL,TMSB10/TMSB4X,ACTA1

GP6 Signaling Pathway 4.45 0.13 3.153

COL5A2,COL6A2,COL4A6,COL12A1,COL9A3,PDPK1,COL8A1,COL15A1,COL16A1,COL1A2,COL1A1,COL6

A1,LAMA3,IRS2,COL4A4,PRKD1,COL3A1

Mitochondrial Dysfunction 4.17 0.115 -
ATP5MC2,FURIN,COX7C,COX8A,LRRK2,COX7A1,COX6A2,NDUFS5,UQCR10,COX5A,MAPK10,NDUFS6,U

QCRFS1,NDUFA10,HTRA2,GPX4,COX4I1,UQCRQ,MAOA

Antigen Presentation Pathway 3.82 0.211 - B2M,PSMB9,HLA-DRA,HLA-DQA1,CD74,HLA-DPB1,HLA-DPA1,HLA-E

Atherosclerosis Signaling 3.65 0.121 -
CXCL8,SELE,VCAM1,CXCL12,PLA2G2A,TNFRSF14,IL33,COL1A2,COL1A1,ITGB2,LPL,PDGFD,ITGA4,APOD,C

OL3A1

Aldosterone Signaling in 

Epithelial Cells 3.62 0.108 0.378

HSPB3,CRYAB,NEDD4,HSPH1,TRAP1,PDPK1,HSPD1,DNAJA1,HSPA12A,PLCD1,PLCB1,HSPB7,IRS2,DNAJB

1,MAP2K1,HSPB6,PRKD1,DNAJB5

Cardiac Hypertrophy Signaling 3.48 0.0948 0.218

MAP2K6,TGFBR1,GNG2,RACK1,SRF,GNAQ,GNAI1,RHOJ,MYL7,PLCD1,JUN,GNG11,ADRB1,IGF1,PRKACA,

MAPK10,PLCB1,MAP2K3,IRS2,MAPKAPK2,MAP2K1,MYL12A

Signaling by Rho Family 

GTPases 3.4 0.0916 0.728

NEDD4,NOX4,GNG2,RACK1,GNAQ,CDH6,GNAI1,VIM,MYLK,RHOJ,MYL7,JUN,GNG11,CFL2,CDH5,ACTA2,

MAPK10,IRS2,ARHGEF3,MAP2K1,ACTA1,ITGA4,MYL12A

Oxidative Phosphorylation 3.38 0.125 -3.606
ATP5MC2,COX7C,COX8A,COX7A1,COX6A2,NDUFS5,UQCR10,COX5A,NDUFS6,NDUFA10,UQCRFS1,COX4

I1,UQCRQ
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Table 6.10 - List of genes from study dataset present in the ILK pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Entrez Gene Name Gene Symbol Expr Log Ratio Expr p-value Location
actin, alpha 1, skeletal muscle ACTA1 -1.597 0.00225 Cytoplasm

actin, alpha 2, smooth muscle, aorta ACTA2 1.701 0.00015 Cytoplasm
activating transcription factor 4 ATF4 -1.001 0.0101 Nucleus

cofilin 2 CFL2 -1.567 0.0015 Extracellular Space
cAMP responsive element binding 

protein 3 like 4 CREB3L4 1.939 0.00185 Nucleus
filamin binding LIM protein 1 FBLIM1 -1.039 0.00345 Plasma Membrane

filamin C FLNC -2.792 0.0011 Cytoplasm
insulin receptor substrate 2 IRS2 -1.097 0.0059 Cytoplasm

integrin subunit beta 2 ITGB2 -1.855 0.00585 Plasma Membrane
integrin subunit beta 8 ITGB8 1.079 0.00545 Plasma Membrane

Jun proto-oncogene, AP-1 
transcription factor subunit JUN 1.028 0.0126 Nucleus

mitogen-activated protein kinase 
kinase 6 MAP2K6 2.855 0.00475 Cytoplasm

mitogen-activated protein kinase 10 MAPK10 1.825 0.00005 Cytoplasm
myosin heavy chain 10 MYH10 2.165 0.00045 Cytoplasm

myosin light chain 7 MYL7 -1.178 0.00075 Cytoplasm
parvin beta PARVB -1.309 0.00345 Cytoplasm

3-phosphoinositide dependent 
protein kinase 1 PDPK1 -1.545 0.0096 Cytoplasm

protein phosphatase 2 scaffold 
subunit Aalpha PPP2R1A -1.248 0.0112 Cytoplasm

ras homolog family member J RHOJ 1.519 0.0013 Cytoplasm
thymosin beta 4, X-linked TMSB4X 1.206 0.0007 Cytoplasm

vinculin VCL -1.09 0.00245 Plasma Membrane

vimentin VIM 1.504 0.00005 Cytoplasm
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Figure 6.10 - Canonical pathways identified by IPA in the combined gene and isoform dataset in order of significance.  

Orange bars indicate predicted pathway activation or blue indicate predicted pathway inhibition based on the z-score. White coloured bars have 

a z score close to 0 and those coloured grey cannot have a prediction made. Note the ILK pathway is predicted to be activated. 
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Figure 6.11 - The ILK signalling pathway (IPA QIAGEN Inc. – available via license). Genes depicted with an outer pink border are present in this 

dataset. Those coloured green are downregulated in the FLNC heart specimens and those in red/pink are upregulated compared to control 

samples. 
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Figure 6.12 - Canonical pathways identified by IPA in the gene only dataset in order of significance.  

Orange bars indicate predicted pathway activation or blue indicate predicted pathway inhibition based on the z-score. White coloured bars have 

a z score close to 0 and those coloured grey cannot have a prediction made.  
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Figure 6.13 - Canonical pathways identified by IPA in the isoform only dataset in order of significance.  

Orange bars indicate predicted pathway activation or blue indicate predicted pathway inhibition based on the z-score. White coloured bars have 

a z score close to 0 and those coloured grey cannot have a prediction made. 
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6.4.7 Confirmation by qPCR. 

In order to confirm the dysregulation of the identified pathways, seven genes were selected 

from the focal adhesion pathway to be confirmed using a different method, namely qPCR 

(work carried out by the Barts and the London Genome Center). This small number of genes 

was due to the limited amount of RNA remaining from the original samples. A combination 

of up- and down- regulated genes were selected: FLNC, VCL, PARVB, THBS4, MYL7, ITGA4 and 

MYLK. Figure 6.14 shows that FLNC, VCL, PARVB, and MYL7 were confirmed to be 

downregulated in the FLNC variant group compared to the control group at statistically 

significant level. In contrast, only THBS4 was confirmed to be upregulated in the FLNC variant 

group compared to the control group. Expression of MYLK and ITGA4 was not confirmed to 

be upregulated, however the results for these two genes were not statistically significant. 
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Figure 6.14 - Graphs showing expression levels of different genes in the FLNC group compared 

to controls as determined by qPCR. 

Scatter graph representing the expression (ΔΔCt) of seven genes using Taqman assays. The 

number of samples for each assay is indicated below the corresponding graphs. 
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6.4.8 FLNC expression detected by qPCR in samples with FLNC variants. 

 

qPCR experiments detected a significant reduction of FLNC expression in all mutation carriers 

compared to controls (Figure 6.18). The samples carrying the two missense variants, 

p.Arg278Cys and p.Thr160Lys, appear to have higher expression levels of FLNC than the LOF 

variants.  

 
 
Figure 6.18 - FLNC expression in control samples compared to samples with different FLNC 
variants.  
Bar graph representing the expression (ΔΔCt) of filamin C using Taqman assays. 
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6.4.9 VCL expression in human tissue and mouse cells  

 

Analysis of RNA sequencing data from human cardiac samples with FLNC variants has shown 

that VCL is downregulated in both the focal adhesion pathway and the ILK pathway. This 

appeared to be inconsistent with western blot findings on extracts from mouse HL-1 FLNC 

knockdown cells in which VCL was used as house keeping gene (Figure 5.5). Even though these 

two types of evidence are not directly comparable (transcript levels in human tissues versus 

protein levels from HL-1 cell extracts), it was considered worthwhile to further investigate 

this discrepancy. Therefore, VCL expression was then determined in HL-1 FLNC knockdown 

cells by qPCR. 

Table 6.11 and Figure 6.19 show that there is no statistically significant difference in VCL 

expression in HL-1 FLNC knockdown cells compared to the WT HL-1 cells confirming the 

western blot results that there is no VCL downregulation in the FLNC knockdown cells (Figure 

5.5). The significance of these conflicting findings is not known but they may simply reflect 

differences in gene expression between two distinct biological systems: human cardiac tissue 

and FLNC knockdown mouse cultured cells. 
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Table 6.11 - Unpaired t test comparing significance of delta delta Ct values between control 

and FLNC knockdown HL-1 cells for FLNC and VCL. 

 

Unpaired 

t test 

p value 
p value 

summary 

Significantly 

different 

(p<0.05)? 

One- or 

two-tailed 

p value? 

t, df 

FLNC 

expression <0.0001 

 

**** 

 

Yes 

 

Two-tailed 

t=8.842 

df=10 

VCL 

 expression 

 

0.0757 

 

ns 

 

No 

 

Two-tailed 

t=1.982 

df=10 

 

Figure 6.16 - Knockdown of FLNC expression by siRNA-A.  

Graph shows the delta delta Ct value for FLNC in FLNC knockdown and control HL-1 cells and 

the delta delta Ct value for VCL in the FLNC knockdown and control HL-1 cells. 
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6.5 Discussion 

 

Here, we present RNA sequencing results for 11 FFPE cardiac samples: four control and seven 

ACM samples with FLNC variants. Different specialised programs were used to analyse the 

data from these experiments. Their corresponding findings served as a validation for each 

programme. This revealed a substantial degree of overlapping results, for example GO terms 

between Cytoscape and g:profiler, which indicates that the analysis performed by each 

software was replicated by other programmes and was, therefore, reliable.  

It is also particularly interesting that ‘adhesion’ pathways were a common finding in GO terms 

(g:profiler) and KEGG pathways (WebGestalt). In particular, the ‘focal adhesion pathway’ was 

identified by WebGestalt and it was decided to focus on its analysis further because this 

corresponded to the enriched gene annotations that had been highlighted by both the 

WebGestalt and g:Gost software (Figure 6.8 and Table 6.6). The ‘focal adhesion’ pathway 

contains FLNC and may lead to cytoskeletal and actin dysregulation which would be a 

plausible cause of arrhythmias and structural changes to cardiac tissue. The KEGG pathways 

identified by WebGestalt in order of significance are displayed in Table 6.7. The ‘protein 

digestion and absorption’ pathway (p=6.78x10-6), the ‘ECM receptor interaction’ pathway 

(p=9.17x10-6) and the ‘focal adhesion’ pathway (p=5.67x10-5) are the most significantly 

enriched. The ‘protein digestion and absorption’ pathway and the ‘ECM receptor interaction’ 

pathway contain similar genes to those in the ‘focal adhesion’ pathway but importantly 

neither contains FLNC. A closer inspection of these pathways shows a significant level of 

overlap, both in terms of interactions and function. For example, the ‘extracellular matrix 

organisation’ GO annotation entails “proteolysis” which is also included in the ‘protein 

digestion and absorption’ pathway.  ‘ECM organisation’ was also an enriched GO term found 
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to be significant by both WebGestalt and g:GOSt.  Focal adhesions form as a connection 

between the ECM and the cell; therefore, the ‘ECM receptor interaction’ KEGG pathway is 

likely to be important to mediate this function. ‘ECM’ is also a term present within the ‘focal 

adhesion’ pathway with multiple genes highlighting this overlap between them. The ‘focal 

adhesion’ pathway contains the highest number of genes from our dataset overall (n=24) 

whereas only 15 and 16 genes were present from our dataset in the ‘ECM’ and ‘protein 

digestion and absorption’ pathways respectively. This means that although they may be more 

statistically significant due to their pathways being smaller, in terms of numbers more genes 

were identified in the ‘focal adhesion’ pathway. 

The ‘focal adhesion’ pathway was considered the most relevant signalling pathway to the 

pathogenesis of ACM since adhesion and tight junction dysregulation has been well 

documented in ACM pathology180,182. Focal adhesions are specialised structures which 

interact with both the ECM and the actin cytoskeleton188 and connect bundles of actin 

filaments which anchor transmembrane receptor integrins188. Some of these focal adhesion 

molecules have a structural role within the cell and others are signalling molecules189 . In 

addition, proteins such as filamin, vinculin and paxillin, all members of the ‘focal adhesion’ 

pathway, interact both directly and indirectly with integrin subunit tails to form a structural 

unit linking to the actin cytoskeleton and have a role in signalling too190. 

In the ‘focal adhesion’ KEGG pathway a total of 24 genes were dysregulated out of 203 genes 

present in this pathway (Table 6.7). As it can be seen in Figure 6.9 dysregulated genes in this 

pathway are located on an almost direct line from the extracellular matrix (ECM) to actin 

polymerisation and the regulation of actin cytoskeleton. GSK3b and b-catenin have not been 

dysregulated in samples carrying a FLNC variant, however since the expression of these two 
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proteins has not been determined in typical ARVC, it is unclear if this is unique to FLNC 

associated cardiomyopathy.  

In addition to the ‘focal adhesion’ pathway, a significant finding of this work is the detection 

of dysregulation of the ‘ILK canonical’ pathway. Figure 6.10 shows the canonical pathways 

identified by IPA in order of significance according to the log p value.  Statistical significance 

indicates the probability of association of genes within our dataset with the canonical 

pathway by chance alone. As previously mentioned, the bars are coloured to indicate 

predicted pathway activation or inhibition in orange and blue respectively. Uniquely, IPA 

analysis indicated that the ‘ILK canonical’ pathway was activated. The activity of pathways is 

calculated based on the Z score which a measure of how many standard deviations below or 

above the population mean a raw score is calculated from. In this instance this is calculated 

by the fold change. The thin orange line connected by orange squares on each bar is called 

the ratio and is calculated by the number of genes in that pathway that are present in our 

dataset, divided by the total number of genes participating in the pathway. Due to the fact 

that almost all pathways contain many genes, the resulting ratio is very low for all canonical 

pathways displayed in Figure 6.10. This ratio would not reach the strict significance threshold 

shown by the orange line at a log p value of 1.3 which corresponds to a p value of 0.05. The 

ratio for the ‘ILK canonical’ pathway is 0.114 (22 genes in our dataset present in the pathway 

/ 193 total genes in the pathway). The ratio for the ‘hepatic fibrosis’ pathway is 0.131 (24 

genes in our dataset present in the pathway / 184 total genes in the pathway).  

The ‘hepatic fibrosis’ pathway was considered less likely to be involved in a cardiac disorder 

such as ACM. On the other hand, the ILK pathway was selected to be investigated further 

because it did contain the FLNC gene and had an overlap of several genes with the ‘focal 
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adhesion’ pathway. The two pathways were also very similar in function, highlighting the way 

in which FLNC mutations may affect different signalling pathways which are critical for normal 

cardiac function. Significant overlap is also likely to exist among the ‘hepatic fibrosis’ pathway, 

the ‘ILK canonical pathway’ and the ‘focal adhesion pathway’ in terms of genes and proteins 

involved. ‘Hepatic fibrosis’ is likely to have proteins in common with “cardiac fibrosis”, an end 

result of ACM and this most probably explains why the hepatic fibrosis pathway has been 

highlighted in this study. However, the hepatic fibrosis pathway did not correlate to the 

enriched GO terms that had been produced during analysis e.g. cell adhesion etc. 

Intergrin-linked kinase is a serine/threonine specific protein kinase which is found in both 

fibrillar and focal adhesions191. ILK has been known to interact with numerous proteins such 

as PINCH, alpha parvin and paxillin which are also involved in the structure of focal 

adhesions191. Its main function is to connect integrins to the cytoskeleton191. However, in 

addition to cell-matrix interactions, ILK has been associated with biomechanical signalling in 

cell growth, proliferation and differentiation. It is believed that ILK acts via the following 

mechanism: when integrin engages with the extracellular matrix, phosphoinositide 3-kinase 

(PI3K) is activated through focal adhesion kinase and specific growth factors. PI3K activates 

ILK which binds alpha parvin and paxillin and is then recruited to focal adhesion plaques. ILK 

maintains upstream signalling to beta-1 integrins and downstream signalling to AKT, GSK3 

and PHI1. This promotes cell survival by inhibiting, caspase 3/9 and cell cycle transition by 

blocking proteolysis of cyclin D1191. ILK phosphorylation of GSK3β inhibits b-catenin, an 

important component of the Wnt signalling pathway.  

It is thought that activation of the ‘ILK canonical’ and ‘focal adhesion’ pathways results in the 

activation of b-catenin which then binds to the Wnt 1 promoter region to upregulate gene 
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transcription resulting in positive feedback of the Wnt/b catenin pathway192. In typical ARVC, 

desmosomal mutations, however, disrupt the Wnt/b catenin pathway by decreasing the 

amount of b-catenin via translocation of plakoglobin from desmosomes to the nucleus. Once 

in the nucleus, plakoglobin competes with b catenin suppressing its transcription instead of 

activating it and consequently leading to adipogenesis and apoptosis192. In contrast, our data 

shows that ACM associated with FLNC does not disrupt the Wnt signalling pathway. Instead, 

FLNC variants appear to dysregulate the ‘ILK/focal adhesion’ pathways. So, we hypothesise, 

that this mechanism is more likely to cause cardiomyopathy via structural and signalling 

disruption of the actin cytoskeleton. 

qPCR experiments attempted to confirm findings for seven genes in the ‘focal adhesion’ 

pathway: FLNC, VCL, PARVB, THBS4, MYL7, ITGA4 and MYLK.  Four of these genes (FLNC, VCL, 

PARVB and MYL7) are also present in the ‘ILK canonical’ pathway. Expression levels for two 

other genes (MYLK and ITGA4) for which a qPCR assay was completed, and that are only 

present in the ‘focal adhesion’ pathway, were not confirmed by qPCR (Figure 6.17).  However, 

the results for these two genes were not statistically significant indicating that these may still 

be dysregulated within the ‘focal adhesion’ pathway.  

Figure 6.15 displays the FLNC expression levels detected by qPCR for samples with different 

FLNC mutations. The results indicate that samples with LOF mutations have lower levels of 

FLNC present than those with missense variants. A simple explanation for this observation 

though could be that LOF variants may lead to haploinsufficiency which would consequently 

halve the expression of FLNC in heterozygous samples. In any case, the results were not 

statistically significant as only one sample was available for each FLNC variant.  
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Overall, qPCR confirmed RNA sequencing data for five genes in the ‘focal adhesion’ pathway 

(FLNC, VCL, PARVB, THBS4, MYL7) and four genes in the ‘ILK canonical’ pathway (FLNC, VCL, 

PARVB, MYL7) with highly statistically significant p values (<0.0001). This reinforces the 

hypothesis that in cardiac tissue samples with FLNC mutations there is dysregulation of these 

genes which can influence both pathways and may ultimately have an effect on actin 

polymerisation and the regulation of the cytoskeleton. In turn, that would impact on cell 

motility and connections between cells, possibly leading to the high volume of arrhythmias 

observed in left-dominant ACM and ultimately sudden deaths. 

DCM in humans has been previously associated with the alpha parvin / ILK / Pinch 1 

complex193. ILK, in particular, is essential for normal heart function and defects in this gene 

have been associated with cardiac pathology in earlier studies. In animal models ILK 

overexpression led to cardiac hypertrophy194 and targeted ablation from murine hearts has 

been shown to cause DCM and cardiac failure195.  Interestingly, in other experiments loss of 

ILK produced an arrhythmogenic cardiomyopathy phenotype in mice59. In humans a recent 

publication has associated ILK variants with ACM in two families45. Brodehl et al (2019) 

reported that affected individuals carried missense variants (p.H33N and p.H77Y) in the 

ankyrin repeat domain which were predicted to be damaging. More specifically, in silico 

binding studies proposed that these variants may disrupt the ILK-PINCH complex. 

Furthermore, in vitro experiments showed that the p.H77Y variant disrupted ILK localisation 

to focal adhesions in H9c2 rat myoblast cells45. This is consistent with findings in this thesis 

and provides additional evidence that disruption of normal ILK function may lead to ACM. 

Although the expression of ILK itself was not altered in our dataset, the large number of genes 

dysregulated within the ‘ILK canonical’ pathway could be impacting in a very similar manner 

to how ILK variants are thought to lead to an arrhythmogenic cardiomyopathy phenotype in 
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the Brodehl et al study. Evaluation of the ILK variants in our WES gene-negative ACM cohort 

revealed the presence of a rare missense variant (p.R149Q) and a novel splice site variant 

(c.856+1G>A) in this gene. Unfortunately, the patients carrying those variants were isolated 

cases and consequently further analysis was not possible. 

 

6.6 Conclusion and limitations 

 

6.6.1 Conclusions 

 

The ILK signalling pathway is known to be involved in the regulation of cell adhesion, 

differentiation, migration and apoptotic cell death196. These functions correspond well to the 

Gene Ontology terms significantly enriched in our FLNC variant cohort (Figures 6.11 and Table 

6.6). This data showed that the ‘ILK canonical’ pathway was activated in FLNC samples and 

also identified the ‘focal adhesion’ pathway as a significant pathway in ACM pathogenesis. 

This adds to the currently published data that indicates that both the ‘focal adhesion’ and the 

‘ILK canonical’ pathways are vital for cardiac function. Therefore, disruption to these 

pathways in patients with FLNC mutations is likely to be the cause of this unique LV ACM 

phenotype. 

 

6.6.2 Limitations 

 

Limitations in this study include the use of FFPE tissue samples and the degradation of RNA 

quality that is expected with these samples. Access to fresh frozen samples in a future study 

would allow better quality RNA extraction and consequently higher quality RNA sequencing. 
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We also had a limited amount of material of fixed tissue which resulted in only 7 genes being 

confirmed by qPCR. If additional material was available a larger number of genes from both 

pathways could be confirmed by qPCR and also by Western blotting to see the effect of FLNC 

variants at the protein level.  

RNA sequencing allows us to identify which genes and isoforms are abnormally expressed in 

samples with FLNC variants compared to control samples. However, it is unclear if these genes 

change their expression as a result of the pathology or if their dysregulation causes the 

pathology. This is something that could be addressed in future animal models by collecting 

samples at different time points, before advanced pathology develops, for comparison. 

Overall, findings presented in this chapter will have to be validated in a replication cohort as 

part of an independent study. 
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Chapter 7: Conclusions, overall limitations and future work 

 

7.1 Conclusions 

This work’s main aim was to identify novel causative genes in arrhythmogenic 

cardiomyopathy. Genetic studies in the last two decades have shown that potentially 

pathogenic variants in the known disease genes can explain up to 50-60% of ACM cases. To 

our knowledge we investigated one the largest cohorts of gene negative cases (i.e. cases with 

no identified pathogenic variants in the known causative ACM genes) in the world attempting 

to identify new genes responsible for the disorder. The patient population for this study 

included not only patients with a definite or borderline diagnosis of ACM, but those with a 

possible diagnosis. This was a calculated risk which, on balance, was considered worth taking. 

On one hand, there are reasons not to restrict the patient population to only those 

categorically fulfilling diagnostic criteria: the observed phenotypic and genetic overlap 

between ACM and other cardiomyopathies, the known shortcomings of the current 

diagnostic criteria, the relatively small number of cases with a definite diagnosis without a 

mutation in the already known genes, the fact that the disease is characterised by phenotypic 

variability and incomplete penetrance. On the other hand, inclusion of “possible” cases may 

dilute the original cohort and introduce cases that do not have ACM (phenocopies). So, to 

avoid eliminating genuine ACM cases, a decision was made at the start of this work to include 

those with a possible diagnosis too. Subsequently, this selection was supported by the recent 

Heart Rhythm Society expert consensus statement on ACM which recognised the broader 

phenotypic spectrum of the disorder and its genetic, systemic, infectious and inflammatory 

aetiologies18.  
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For reasons analysed earlier WES is considered the most appropriate method for genetic 

investigation of rare dominant diseases. Analysis of WES data was carried out on two different 

but complementary levels: the gene burden test was performed on the gene-negative ACM 

proband cohort and extensive segregation analysis was undertaken in pedigrees with 

identified rare/novel variants (Chapters 3 and 4). Gene burden test analysis identified excess 

of loss-of-function variants in ACM probands compared to controls at a statistically significant 

level in only one gene, filamin C. Filamin C is a major structural protein expressed in skeletal 

and cardiac muscle linking actin to extracellular matrix197 and therefore, FLNC is an excellent 

functional candidate gene for arrhythmogenic cardiomyopathy. Indeed, as reviewed in earlier 

parts of this thesis, FLNC had already been associated with cardiomyopathies: hypertrophic 

cardiomyopathy62, restrictive cardiomyopathy63 and dilated cardiomyopathy64. 

Concomitantly with the work in this project, two studies confirmed the involvement of FLNC 

in arrhythmogenic forms of DCM and arrhythmogenic cardiomyopathy44 60. Further analysis 

detected a total of ten potentially pathogenic FLNC variants in our cohort and consequently 

this gene became the main topic of investigation throughout this thesis.  

Families with FLNC variants were investigated both genetically by WES and clinically in an 

attempt to perform segregation analysis and characterise the clinical phenotype associated 

with FLNC variants. So, evaluation of an additional 29 family members resulted in interesting 

observations (Chapter 4). ACM associated with FLNC variants seems to present with 

predominant LV involvement and a high incidence of adverse cardiovascular events as shown 

by a marked family history of multiple sudden cardiac deaths victims at a young age in the 

FLNC pedigrees. In classic ARVC cases, repolarisation/depolarisation abnormalities and 

structural abnormalities as defined by echocardiographic imaging are common25 198. In 

contrast, FLNC variant carriers had a relatively low number of ECG abnormalities whilst the 
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majority of them (75%) showed no detectable structural abnormalities by echocardiographic 

imaging. However, the most significant finding was the presence of LGE on cardiac MRI in all 

probands and the majority of family members who carried a FLNC variant. This finding is 

clearly an important disease feature indicating the presence of fibrosis but, currently, is not 

considered a diagnostic criterion for ARVC25. This observation highlights the need for a 

revision of the current ARVC/ACM diagnostic criteria as asymptomatic mutation carriers can 

be erroneously considered as unaffected or at low risk of cardiac sudden death. It also 

emphasises the significance of genetic testing of family members even in the absence of 

clinical features or symptoms. 

In addition to the FLNC families, pedigree analysis was feasible in another two families that 

carried potentially pathogenic variants in the gene encoding the mitochondrial GTP binding 

protein 3 (GTPBP3) and vinculin (VCL). Even though the identified missense variants in these 

two genes seem to segregate with ACM, it is unclear whether they actually contribute to the 

phenotype. GTPBP3 has been associated with mitochondrial disease and hypertrophic 

cardiomyopathy68 but no plausible disease mechanism links it to arrhythmogenic 

cardiomyopathy and, on the other hand, there is conflicting in silico evidence on the potential 

pathogenicity of the p.E317G variant in VCL.  

Based on our data, it seems likely that the remaining ACM cases may harbour private 

pathogenic variants in genes not associated with inherited cardiovascular disease. After 

excluding individuals with predicted pathogenic variants in FLNC identified using the gene 

burden test and individuals with a potentially pathogenic variant identified in known 

cardiovascular genes (GTPBP3 and VCL) found using a family co-segregation analysis, each 

remaining ACM case was analysed individually for variants in any gene. On average, after 

filtering by variant frequency (MAF<0.001) and predicted consequence, approximately 200 
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variants were identified in each exome which included approximately 4 stop gain variants in 

“non-cardiovascular” genes. This large number of potentially pathogenic variants in genes 

ubiquitously expressed has undoubtedly hindered our efforts to determine their 

pathogenicity and potential involvement in ACM.  Our findings are consistent with previous 

studies which have highlighted the difficulties of analysing WES data. For example, Stitziel et 

al. (2011) have estimated that, on average, each exome includes 7,000-10,000 

nonsynonymous coding variants of which 200-500 may be novel199. Moreover, data from the 

1000 Genomes Project show that each exome may contain a large number of predicted 

pathogenic variants including up to 80–100 premature stop codons200.  

 So, it is likely that some of the identified variants in this study may cause monogenic ACM, 

however, identifying the correct causal variant requires a further replication in larger patient 

cohorts, large control cohorts of WES data generated using the same bioinformatics pathway 

and functional studies to examine the effect of potential mutations. It is also possible that 

some ACM-causing variants are located in non-coding regions of the genome. To test this 

hypothesis a whole genome sequencing is required.  

A more promising set of results was obtained by CNV analysis of WES data in the cohort. To 

date, CNVs have been infrequently studied in cardiomyopathies and only in one study 

involving ACM patients78. In our cohort, a number of ACM probands carried CNVs in 

cardiovascular genes, most notably in the ankyrin repeat domain 1 (ANKRD1) gene. However, 

as further analysis would require design of specific PCR assays for each CNV, determining the 

contribution of CNVs in ACM should be the subject of future research. 

Work in Chapters 5 and 6 utilised cell culture techniques, immunohistochemistry and RNA 

sequencing, to determine the location of filamin C compared to other cardiac proteins and 

investigate the potential pathways responsible for FLNC cardiomyopathy. I have obtained 
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strong evidence that the disease mechanisms associated with FLNC variants varied markedly 

to those related to classic ARVC.  

Firstly, immunohistochemistry staining of fixed tissue from FLNC variant carriers showed a 

predominant LV disease pattern associated with mutations in this gene. Secondly, two 

“hallmark” observations associated with classic ARVC pathogenesis, namely translocation of 

plakoglobin to the nucleus and GSK3β redistribution from the cytosol to the intercalated disc, 

were not observed in the majority of FLNC cardiac specimens. 

Analysis of RNA sequencing data in Chapter 6 highlighted that the ILK and focal adhesion 

pathways were dysregulated in tissue samples from patients with FLNC variants. Both 

pathways have been associated with cardiac function, in particular cell adhesion and 

interaction between myocytes, therefore disruption to these important pathways could most 

probably cause the predominant LV arrhythmogenic phenotype of FLNC cardiomyopathy. 

Interestingly, the focal adhesion pathway includes the GSK3β and CTNNB1 genes, which are 

also members of the canonical Wnt signalling pathway that is disrupted in classic ARVC. 

However, transcript levels of these two genes were unchanged in FLNC cardiac samples 

compared to controls. Furthermore, it was hypothesised that FLNC mutations dysregulating 

the ILK and focal adhesion pathways were likely to cause cardiomyopathy due to the effect 

on the actin cytoskeleton via structural and signalling disruption. The structural element of 

this hypothesis is further supported by the work in Chapter 5 of this thesis. HL-1 cells which 

had been knocked down for FLNC by siRNA were found to form fewer aggregates and have 

less cell-cell interactions forming a large number of single cells compared to their equivalent 

control cells. Collectively, the data suggests the presence of different pathomechanisms 

between ARVC caused by mutant desmosomal genes and ACM caused by FLNC mutations. 
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A known limitation in the area of ACM research is the lack of an animal model that genuinely 

recapitulates the ACM phenotype observed in humans. Mouse models are usually the 

preferred choice and have been extensively used to model different mutations in 

desmosomal genes201. For filamin C two mouse models have been created. In particular, a 

knock-in for the p.W2710X mutation which causes myofibrillar myopathy in humans202. This 

mutation introduces a premature termination codon which deletes the last 16 amino acids of 

the C terminus of the filamin C protein. In contrast, the second mouse model is a knockout 

with a deletion affecting the last 8 exons146. Homozygous animals die shortly after bith due 

to respiratory failure. However, neither model presents with a complete disease phenotype 

and their cardiac phenotype has not been fully determined202,146. These examples highlight 

the significant differences between mouse models and human disease with respect to protein 

expression and regulation. In this thesis too, there are discrepancies between data obtained 

in mouse cell lines and human cells and tissues. For example, vinculin transcript expression 

was found to be downregulated in human FFPE samples with FLNC variants, an observation 

that was not consistent with the western blot results in the mouse HL-1 cells discussed earlier. 

This downregulation in human tissue was confirmed by qPCR (Figure 6.14) but was not 

observed in HL-1 cells knocked down for FLNC (Figure 6.16). This may indicate the presence 

of different disease mechanisms in FLNC knock-down mouse cells compared to human tissue 

with FLNC variants or more likely these conflicting observations may be due to the fact that 

in HL-1 cells the FLNC gene is completely knocked out as opposed to the human samples being 

heterozygous for FLNC point mutations.  

In any case, it must be remembered that mice are phylogenetically distant to humans, evident 

in their cardiac contractility function and life span203. Therefore, future work should focus on 

cardiomyocytes developed from human induced pluripotent stem cells from FLNC mutations 
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carriers but this has known limitations related to the availability of samples and important 

ethical considerations. 

7.2 Overall limitations 

WES is an extremely powerful and highly effective way of investigating a gene negative cohort 

of patients. However, there are some limitations associated with it. WES only investigates the 

coding region of the genome (approximately 1%) and it is possible that undiscovered 

pathogenic variants may lie in non-coding parts. This may mean that whole genome 

sequencing may be the way forward in the future in cohorts of gene negative patients with 

ACM or inherited cardiovascular disease in general.  

The size of our proband cohort is also a major limitation despite the fact that it is the largest 

gene negative ACM cohort screened by WES to our knowledge. ACM is a rare disease and 

assembling substantial cohorts in a single centre is very difficult. However, since WES studies 

rely on large cohorts for statistical power, future studies would benefit from multi centre 

collaborations pooling genetic and clinical resources.  

 

7.3 Future work 

7.3.1 Genomics 

Ideally, gene burden test analysis would be repeated in a larger disease population which 

would serve as a replication cohort. This would increase the power of the analysis and 

potentially produce additional statistically significant results. 

The variant annotation methods and the initial pipeline for variant filtering based on variant 

quality were standardised with the control data acquired from ExAC102. The variant quality 

score log-odds (VQSLOD) in the ACM cases were set to match the ExAC data (VQSLOD >= -
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2.632). Because of the difference in sample size between cases and controls (120 vs 60,706), 

this process may have led to a significant number of false positive calls in the ACM cohort 

passing the quality filtering criteria. Therefore, in future analysis, optimisation of the VQSLOD 

cut-off to match both data sets has to be carried out first in order to reduce the number of 

false positive calls and improve data quality in general. 

 

7.3.2 Animal model and functional work 

Future work could repeat the cell work in Chapter 5 on HL-1 cells modified for specific FLNC 

mutations so that comparisons could be made between LOF and missense variants. This 

would also create a cell model more closely resembling human disease compared to the 

knockdown cells created for this thesis. Ideally, human tissue work, immunohistochemistry 

staining and RNA sequencing, should be repeated using fresh tissue and compared to FFPE 

tissue used in this thesis. In Chapter 6 I stated I would like to confirm the RNA sequencing 

results in terms of pathology causality. The RNA sequencing allowed us to identify which 

genes and isoforms are dysregulated in samples with FLNC variants compared to control 

samples. In order to investigate whether the dysregulated transcripts are a result of the ACM 

pathology or their dysregulation causes the pathology, we would require to perform RNA 

sequencing on cardiac tissue at different time points from animal model that displays a FLNC 

cardiac phenotype. This would determine whether the pathways are dysregulated at all-time 

points suggesting the dysregulation is due to the specific FLNC variant or the pathways only 

become dysregulated at a later time point along with disease progression. 

GSK3β expression was found to be unaltered in cardiac tissue from patients with various FLNC 

variants. In contrast, it is known that localisation of this protein is affected by mutations in 

desmosomal genes180. To establish if this expression pattern is unique to FLNC 
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cardiomyopathy I would compare the transcriptomic profiles of human cardiac samples 

carrying typical ACM desmosomal mutations and those with FLNC variants. Although I hoped 

to complete this during the current experimentation in this thesis the samples containing the 

desmosomal mutations were of too poor a quality to analyse. I would, therefore, also like to 

undertake this experiment using fresh tissue so that the quality of the RNA-seq data would 

be high and comparable in all samples. 
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APPENDIX 

 

Table 1 - List of candidate cardiovascular genes screened by targeted NGS in the gene negative 
ACM cohort. 
 

Gene Associated cardiomyopathy – ion 

channelopathy 

 ARVC 

Plakoglobin (JUP)  
Desmoplakin (DSP)  
Plakophilin-2 (PKP2)  
Desmoglein-2 (DSG2)  
Desmocollin-2 (DSC2)  
Cardiac ryanodine receptor (RYR2)  
Transmembrane protein 43 (TMEM43)  
Transforming growth factor β3 (TGF-beta3)  
 Hypertrophic and dilated 

cardiomyopathy 
Cardiac myosin binding protein C (MYBPC3)  
Myosin beta heavy chain (MYH7)  
Cardiac troponin I (TNNI3)  
Cardiac troponin T (TNNT2)  
Tropomyosin (TPM1)  
Myosin light chain 2 (MYL2)  
Myosin light chain 3 (MYL3)  
Cardiac actin (ACTC1)  
Troponin C (TNNC1)  
PDZ and LIM domain 3 (PDLIM3)  
Cysteine and glycine rich protein 3 (CSRP3)  
Titin (TTN)  
Desmin (DES)  
Lamin A/C (LMNA)  
LIM domain binding 3 (LDB3)  
Myosin alpha heavy chain (MYH6)  
Vinculin (VCL)  
Titin-cap (TCAP)  
Phospholamban (PLN)  
RNA binding motif protein 20 (RBM20)  
 Long QT – Short QT and arrhythmia 

syndromes 

Potassium voltage-gated channel subfamily 
Q member 1 (KCNQ1) 

 

Potassium voltage-gated channel subfamily 
H member 2 (KCNH2) 
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Sodium voltage-gated channel alpha subunit 
5  (SCN5A) 

 

Potassium voltage-gated channel subfamily E 
regulatory subunit 1 (KCNE1) 

 

Potassium voltage-gated channel subfamily E 
regulatory subunit 2 (KCNE2) 

 

Ankyrin 2 (ANK2)  
Calsequestrin 2 (CASQ2)  
Caveolin 3 (CAV3)  
Potassium voltage-gated channel subfamily J 
member 2 (KCNJ2) 

 

 Candidate cardiovascular genes 

Plectin (PLEC1)  
Connexin 43 (GJA1)  
Plakophilin-4 (PKP4)  
Pinin (PNN)  
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TABLES 2-6 Scrambled controls and siRNA -A, -B, -C and pooled raw data. 
 
Table 2 – Scrambled. 

 
 
Table 3 – siRNA-A. 
 

 

FLNC -SIRNA -A
HL-1 CELLS (FLNC KNOCKDOWNS) all

CT (FLNC) CT (GAPDH) Average CT (GAPDH) ΔCT (FLNC-GAPDH) Mean ΔCT (WT) ΔΔCT 2-ΔΔCT Normalised to WT % deletion
SiA1 29.55 20.56 20.55 8.996 8.77 2.502474485 0.18 0.17 82.50

29.20 20.60 20.55 8.651 8.77 2.157345773 0.22 0.22 77.77
29.21 20.50 20.55 8.660 8.77 2.165928829 0.22 0.22 77.90

SiaA2 29.20 20.59 20.77 8.425 8.30 1.931703054 0.26 0.26 74.01
28.95 20.72 20.77 8.177 8.30 1.683716492 0.31 0.31 69.13
29.06 21.02 20.77 8.291 8.30 1.796934004 0.29 0.29 71.46

SIA3 29.41 20.63 20.72 8.687 8.48 2.193616909 0.22 0.22 78.32
29.33 20.91 20.72 8.611 8.48 2.117304653 0.23 0.23 77.15
28.86 20.62 20.72 8.142 8.48 1.64848861 0.32 0.32 68.37

SIRNA
HL1-CELLS (CONTROL - SCRAMBLED) all

CT (FLNC) CT (GAPDH) Average CT (GAPDH) ΔCT (FLNC-GAPDH) Mean ΔCT ΔΔCT 2-ΔΔCT Normalised to WT % deletion
SiCon1 27.92 21.57 21.726 6.19 6.37 -0.30 1.23 1.00 0.00

28.29 21.63 21.726 6.56 6.37 0.07 0.95 1.00 0.00
28.07 21.97 21.726 6.34 6.37 -0.15 1.11 1.00 0.00

Sicon2 28.53 21.82 22.06 6.47 6.62 -0.02 1.02 1.00 0.00
28.69 22.23 22.06 6.62 6.62 0.13 0.91 1.00 0.00
28.83 22.13 22.06 6.77 6.62 0.27 0.83 1.00 0.00
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Table 4 – siRNA-B. 

 
Table 5 - siRNA-C. 

Table 6 – siRNA-p Pooled. 

FLNC -SIRNA -B
HL-1 CELLS (FLNC KNOCKDOWNS) all

CT (FLNC) CT (GAPDH) Average CT (GAPDH) ΔCT (FLNC-GAPDH) Mean ΔCT (WT) ΔΔCT 2-ΔΔCT Normalised to WT % deletion
SiB1 28.51 20.71 20.82 7.689 7.79 1.195296673 0.44 0.43 56.70

28.48 21.04 20.82 7.655 7.79 1.161628902 0.45 0.44 55.67
28.86 20.72 20.82 8.039 7.79 1.545136539 0.34 0.34 66.02

SiB2 28.30 20.56 20.58 7.727 7.64 1.233488481 0.43 0.42 57.83
28.06 20.72 20.58 7.489 7.64 0.995036098 0.50 0.50 50.25
28.28 20.45 20.58 7.708 7.64 1.214786983 0.43 0.43 57.28

SIB3 28.68 20.86 20.90 7.782 7.71 1.288733909 0.41 0.41 59.41
28.56 20.96 20.90 7.662 7.71 1.168813538 0.44 0.44 55.89
28.59 20.87 20.90 7.692 7.71 1.198720374 0.44 0.43 56.80

FLNC -SIRNA -C
HL-1 CELLS (FLNC KNOCKDOWNS) all

CT (FLNC) CT (GAPDH) Average CT (GAPDH) ΔCT (FLNC-GAPDH) Mean ΔCT (WT) ΔΔCT 2-ΔΔCT Normalised to WT % deletion
SiC1 28.74 20.56 20.56 8.186 8.13 1.692089834 0.31 0.31 69.31

28.55 20.68 20.56 7.990 8.13 1.496019164 0.35 0.35 64.84
28.77 20.43 20.56 8.208 8.13 1.714260515 0.30 0.30 69.78

SiC2 29.55 21.11 21.10 8.449 8.40 1.955688348 0.26 0.26 74.44
29.38 21.17 21.10 8.274 8.40 1.780471022 0.29 0.29 71.14
29.59 21.03 21.10 8.486 8.40 1.992546673 0.25 0.25 75.08

SIC3 28.75 20.25 20.41 8.336 8.40 1.842108562 0.28 0.28 72.34
28.67 20.38 20.41 8.264 8.40 1.770381125 0.29 0.29 70.93
29.02 20.61 20.41 8.611 8.40 2.117827067 0.23 0.23 77.15

FLNC -SIRNA -p
HL-1 CELLS (FLNC KNOCKDOWNS) all

CT (FLNC) CT (GAPDH) Average CT (GAPDH) ΔCT (FLNC-GAPDH) Mean ΔCT (WT) ΔΔCT 2-ΔΔCT Normalised to WT % deletion
SiP1 29.24 20.80 20.95 8.296 8.36 1.802508215 0.29 0.28 71.57

29.37 20.89 20.95 8.421 8.36 1.926927022 0.26 0.26 73.92
29.31 21.14 20.95 8.363 8.36 1.869341129 0.27 0.27 72.86
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Tables 7 and 8 –Scrambled controls and siRNA-A raw data from second knockdown experiment. 
 
Table 7 – Scrambled controls. 
 

 
 
Table 8 - siRNA–A.  
 

 
 
 
 
 
 
 

SIRNA
HL1-CELLS (CONTROL - SCRAMBLED) all

CT (FLNC) CT (GAPDH) Average CT (GAPDH) ΔCT (FLNC-GAPDH) Mean ΔCT ΔΔCT 2-ΔΔCT Normalised to WT % deletion
CONT 1 28.79 21.97 21.854 6.94 6.91 -0.20 1.15 1.00 0.00

28.69 21.77 21.854 6.84 6.91 -0.30 1.23 1.00 0.00
28.80 21.82 21.854 6.95 6.91 -0.19 1.14 1.00 0.00

CONT 2 29.24 21.84 21.94 7.30 7.36 0.16 0.89 1.00 0.00
29.31 22.06 21.94 7.36 7.36 0.23 0.85 1.00 0.00
29.36 21.93 21.94 7.42 7.36 0.28 0.82 1.00 0.00

FLNC -SIRNA -A
HL-1 CELLS (FLNC KNOCKDOWNS) all

CT (FLNC) CT (GAPDH) Average CT (GAPDH) ΔCT (FLNC-GAPDH) Mean ΔCT (WT) ΔΔCT 2-ΔΔCT Normalised to WT % deletion
KDA 1 31.75 22.32 22.40 9.349 9.29 2.215341251 0.22 0.21 78.74

31.61 22.64 22.40 9.207 9.29 2.073660643 0.24 0.23 76.55
31.73 22.23 22.40 9.329 9.29 2.195547963 0.22 0.22 78.45

KDA 2 32.76 22.16 22.21 10.548 10.19 3.415233086 0.09 0.09 90.75
32.26 22.32 22.21 10.051 10.19 2.917630166 0.13 0.13 86.93
32.18 22.14 22.21 9.975 10.19 2.84191119 0.14 0.14 86.23
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Background: Pathogenic variants in the filamin C (FLNC) gene are associated with inherited cardiomyopathies
including dilated cardiomyopathy with an arrhythmogenic phenotype. We evaluated FLNC variants in
arrhythmogenic cardiomyopathy (ACM) and investigated the disease mechanism at a molecular level.
Methods: 120 gene-elusive ACM patients who fulfilled diagnostic criteria for arrhythmogenic right ventricular
cardiomyopathy (ARVC) were screened by whole exome sequencing. Fixed cardiac tissue from FLNC variant
carriers who had died suddenly was investigated by histology and immunohistochemistry.
Results: Novel or rare FLNC variants, four null and five variants of unknown significance, were identified in nine
ACM probands (7.5%). In FLNC null variant carriers (including family members, n = 16) Task Force diagnostic
electrocardiogram repolarization/depolarization abnormalities were uncommon (19%), echocardiography was
normal in 69%, while 56% had N500 ventricular ectopics/24 h or ventricular tachycardia on Holter and 67% had
late gadolinium enhancement (LGE) on cardiac magnetic resonance imaging (CMRI). Ten gene positive
individuals (63%) had abnormalities on ECG or CMRI that are not included in the current diagnostic criteria for
ARVC. Immunohistochemistry showed altered key protein distribution, distinctive from that observed in ARVC,
predominantly in the left ventricle.
Conclusions: ACM associated with FLNC variants presents with a distinctive phenotype characterized by Holter
arrhythmia and LGE on CMRI with unremarkable ECG and echocardiographic findings. Clinical presentation in
asymptomatic mutation carriers at risk of sudden death may include abnormalities which are currently non-
diagnostic for ARVC. At themolecular level, the pathogenicmechanism related to FLNC appears different to classic
forms of ARVC caused by desmosomal mutations.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Efforts to improve early detection of individuals at risk of life
threatening arrhythmia from inherited cardiovascular disease
are ongoing [1]. Identification of patients who present with
arrhythmias independent of or not explained by recognized
causes of cardiac disease has led to the proposal for the term
arrhythmogenic cardiomyopathy (ACM) [2–4]. The recognition of
a number of inherited arrhythmogenic cardiomyopathies has led
to the recent broader acceptance of this term [1]. Incorporated
within this classification are patients who present with ventricular
arrhythmia in association with right, left or biventricular disease.
Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) caused
by mutations in desmosomal genes is the most studied of the ACMs
with well established clinical and pathological diagnostic criteria
[5,6].

ACM with prominent left ventricle involvement can be
indistinguishable from arrhythmogenic forms of dilated cardiomyopathy
(DCM) both clinically and genetically [7]. The FLNC gene, encoding the
major cardiac structural protein filamin C, has been implicated in
inherited forms of cardiomyopathy, including DCM [8]. Recent studies
have reported truncating variants in FLNC as the cause of DCM with life-
threatening ventricular arrhythmia [9,10]. Clinical evaluation of FLNC
mutation carriers and molecular characterization of cardiac tissue from
a patient carrying a truncating variant have shown a link between DCM
and ARVC, both at the clinical and cellular level [10]. However, to date,
the causal role of FLNC variants in ACM cases fulfilling Task Force
diagnostic criteria for ARVC has not been directly investigated. As a result,
the clinical andmolecular phenotype of FLNC-associated ACM is currently
unknown.

In this study, we investigate the clinical characteristics of FLNC
mutation carriers in ACM pedigrees in which the index cases fulfil
current diagnostic criteria for ARVC. We also report the distribution of
key proteins in myocardial tissue with FLNC variants and compare it
with that observed in classic forms of the disorder.

2. Methods

2.1. Patient cohort

Genetic screening of 269 ACM patients by targeted next
generation sequencing as described by Lopes et al. [11] identified a
group of 120 index cases who were free of potentially pathogenic
variants inmajor genes associatedwith cardiomyopathy, arrhythmia
and heart failure syndromes. This gene-elusive cohort underwent
whole exome sequencing in order to identify novel causative ACM
genes.

Patients were referred to the Inherited Cardiovascular Disease Unit at
the Heart Hospital (prior to 2014) and the Barts Cardiac Centre, St
Bartholomew’s Hospital with a suspicion of ACM or with a premature
sudden cardiac death and/or known ACM in their family. Clinical
diagnosis of arrhythmogenic cardiomyopathy was based on the Task
Force diagnostic criteria [6]. Index cases included in this study had a
diagnosis of definite or borderline ARVC based on the fulfilment of the
current Task Force diagnostic criteria for the disorder [6], or had a possible
diagnosis on account of a first-degree relative who died suddenly aged
less than 35 years with a post mortem (PM) diagnosis of ARVC. Detailed
clinical evaluation included medical and family history, 12-lead
electrocardiogram (ECG), signal averaged ECG (SAECG), 24-h ambulatory
ECG, standard 2D transthoracic echocardiogram and cardiac magnetic
resonance imaging (CMRI). When appropriate clinical phenotyping and
genetic testing was offered to extended relatives within pedigrees.

This study conforms with the ethical guidelines of the 1975
Declaration of Helsinki and has received approval by the National
Health Service (NHS) Ethics Committees (REC ID: 15/LO/0549, UK)
and CEIC Hospital Virgen de la Arrixaca (Spain) and CEIC Hospital

Universitario y Politécnico La Fe (Spain). Informed written consent
for inclusion in the study was obtained from all participants or, in
cases of minors or deceased individuals, from first-degree family
members.

2.2. Whole exome sequencing (WES)

In this study we performed whole exome sequencing on DNA
samples from ACM index cases and family members. DNA from
whole blood, paraffin-embedded cardiac tissue and saliva samples
was extracted utilizing kits and protocols from Qiagen and DNA
Genotek. Genomic DNA was subjected to sample preparation as
per the protocol recommended by Agilent for the SureSelectXT

Target Enrichment for Illumina paired-end multiplexed sequencing
method. Targeted exonic regions were captured using the Agilent
SureSelectXT Human Exon V5 following the manufacturer’s protocol.
Enriched DNA libraries were exome sequenced on the Illumina
NextSeq500 platform as paired-end 75 base reads at a minimum of
30x coverage. Bioinformatic analysis of WES data including copy
number variation was based on an in-house developed pipeline
(Supplementary material, Appendix).

2.3. Immunohistochemistry

As cardiac tissue was not available from British patients screened by
WES, in order to determine the effects of FLNCmutations at the level of
the intercalated disc, post mortem cardiac tissue from patients with
FLNC variants was sourced from a Spanish clinicopathology consortium.
Right and left ventricle (RV and LV) specimens from eleven sudden
cardiac death (SCD) victims with a diagnosis of arrhythmogenic
cardiomyopathy carrying potentially pathogenic FLNC variants were
included in this study. Post-mortem (PM) examination protocol was
in keeping with published guidelines. The patients, all male, (aged
16–52, mean age of death 33.5 years) had a diagnosis of ARVC or left
dominant arrhythmogenic cardiomyopathy at autopsy due to the
presence of fibrosis and fat infiltration (nine cases) and predominant
fibrosis (3 cases). Cardiac samples from those cases were fixed in
formalin and preserved in paraffin blocks. Immunohistochemical
analysis of key proteins previously implicated in the molecular
pathogenesis of classical ARVC in myocardial tissue was carried out
based on the protocol developed by Asimaki et al. [12]. Detailed
description of the method is provided in the Appendix. Tissue samples
from age-matched individuals with no clinical or pathological evidence
of heart disease were subjected to the same protocol and used as
negative controls (n = 5). In summary, RV and LV specimens from
each SCD case were stained for filamin C, plakoglobin, desmoplakin,
connexin 43, synapse-associated protein SAP97 and glycogen synthase
kinase 3β, GSK3β.

3. Results

3.1. FLNC variants

WES of a cohort of 120 gene-elusive ACM index cases identified
seven novel and two rare FLNC variants (7.5%). They include four null
variants (three nonsense and one splice site variant) which are
predicted to be pathogenic based on the American College of Medical
Genetics and Genomics (ACMG) guidelines and five variants of
unknown significance (VUS, one in-frame deletion and four missense
variants) [13]. Details of these variants are given in Appendix
Table A1. FLNC variants identified by WES were confirmed by Sanger
DNA sequencing. There were no FLNC copy number variants identified
in the cohort.
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3.2. Clinical phenotypes of FLNC variant carriers

Index cases carrying FLNC variants had a diagnosis of definite (n=
4), borderline (n= 2)or possible (n= 3)ARVCbased on the Task Force
diagnostic criteria [6]. All had at least one sudden cardiac death victim
in their extended families ranging from 20 to 71 years (median 40yrs)
and ARVC or arrhythmogenic left ventricular cardiomyopathy (ALVC)
was diagnosed at PM in six deceased family members (Appendix
Table A2).

Segregation analysis and cascade genetic screening with clinical
evaluation of relatives in pedigrees was feasible in the four families
carrying the null FLNC variants (Fig. 1). Detailed clinical features for
FLNC variant carriers in Families A-D are provided in Table 1. For the
VUS variants, pedigree analysis was possible in only two cases (Families
E and F) which carried the p.59_62DLQRdel and p.K2260R variants
respectively (Appendix Figure A1). No family members of index cases
G, H and I were available. Clinical characteristics of FLNC VUS carriers
are given inAppendix Table A3. Therewas no evidence of skeletalmuscle
abnormalities in ACM index cases or their relatives and serum creatine
kinase levels were normal in those tested. In addition to ACM index
cases, another 26 relatives were clinically evaluated and genotyped for
FLNC variants; fourteen of them were genotype positive. DNA from two
SCD cases was available and those individuals were also found to be
FLNC variants carriers (Fig. 1 and Figure A1 and Table 1 and A3).

Due to the limited clinical information on pedigrees with FLNC
VUS variants and the ambiguity regarding possible pathogenicity
of such variants, analysis focused on the ACM families with FLNC
null variants (index cases and relatives, n = 16). In this cohort
the presence of Task Force diagnostic ECG repolarization and
depolarization abnormalities were uncommon, n = 2 (12.5%) and
n = 1 (6.25%) respectively. ECG was unremarkable in 5 genotype
positive individuals (31%), abnormalities in the remaining included
low voltage 5/16 (32%) and poor R wave progression across anterior
chest leads 1/16 (6%). In the majority of cases echocardiogram did not
reveal overt abnormalities (n = 11, 69%). Clinical presentation with
palpitation and/or syncope was uncommon, however, 7 patients (44%)
had non sustained VT and/or N500 VES/24 h and 2 (12.5%) presented
with sustained VT. Of 15 FLNC null variant carriers who had cardiac
MRI, the majority (n= 10, 67%) showed late gadolinium enhancement
(LGE). Characteristic ECG and CMR images from a FLNC variant carrier
are shown in Fig. 2.

3.3. Immunohistochemical analysis of fixed myocardial tissue

Histological examination of eleven cardiac specimens from
sudden death victims (numbered 1 to 11, Appendix Table A4)
carrying FLNC mutations was performed at post mortem. Mean
weight was 471.3 ± 58.9 g. All but two cases had normal internal
left ventricular measurements (mean LV diameter 37.4 ± 11.0
mm). Wall thickness was within normal limits in all hearts (11–13
mm).

Evidence of fibrosis was present in both ventricles in ten samples;
fibrofatty replacement was evident in three samples whilst four
specimens showed signs of fibrosis and inflammation, mainly in the
left ventricle. Distribution of fibrofatty infiltration in the left ventricle
was circumferential in 7 (mesocardial in 4 and subepicardial in 3) and
inferolateral subepicardial in 4 cases. Infiltrationwhichwas predominant
in the inferolateral wall, extended from the basal to the apical segments.
Inflammatory infiltrates affecting the left ventricle were multifocal in 2
and extensive in another 2. There was only one specimen (case no
9) with remarkable inflammatory infiltrates in the right ventricle,
which also had extensive left involvement. The same sample had no
evidence of fibrosis at PM, however, fat infiltration was present.
Characteristic histology images are shown in Appendix Figure A2.

Cardiac specimens used for immunohistochemistry experiments
originated from ACM patients with FLNC variants who had suffered

sudden cardiac death. Those included three deletions and eight single
nucleotide substitutions (two splice site, four termination and two
missense variants). Two unrelated cases carried the same nonsense
mutation: c.5398G N T; p.G1800X. A list of FLNC variants in fixed tissue
samples is given in Appendix Table A4.

Immunoreactive signal for filamin C was strong and indistinguishable
from controls in RV samples from ten ACM cases but it was found to be
reduced in LV specimens from all eleven cases. The signal for plakoglobin
was strong and indistinguishable from controls in nine cases in both RV
andLV samples. Junctional signal for Cx43was reduced in twoRV samples
and six LV samples. Moreover, signal for the desmosomal protein
desmoplakin was found to be reduced at cell-cell junctions in eight RV
samples and five LV samples. In contrast, GSK3β was present in the
cytosol in all FLNC cases examined as in control myocardium samples.
Finally, immunoreactive signal for SAP97 appeared reduced in the
majority of RV and LV samples whilst in two cases this protein was only
detected in the sarcomere. Characteristic confocal microscopy images
from case no 6 are displayed in Fig. 3. Immunohistochemistry data from
RV and LV specimens from all eleven cases are summarised in Appendix
Figure A3.

4. Discussion

For the first time we performed clinical characterization of FLNC
variants in an ACM cohort; previous studies have focused on pure DCM
or DCM with an arrhythmogenic component [8–10]. We observed
marked phenotypic differences in ACMassociatedwith FLNC null variants
compared to classic ARVC caused by desmosomal gene mutations.

Repolarization (e.g. T wave inversion) and depolarization (such
as prolonged terminal activation duration and epsilon waves)
abnormalities are considered typical diagnostic features for classic
forms of ARVC [6]. However, in our FLNC cohort only three patients
(19%) had Task Force diagnostic ECG repolarization and depolarization
abnormalities. In contrast, the majority of FLNC null variant carriers
(69%) had ECG repolarization and depolarization abnormalities, such
as right bundle branch block (RBBB) and loss of inferior R waves,
which, in isolation, are not considered diagnostic criteria [6]. Similarly,
standard echocardiographic imaging has been shown to detect
structural abnormalities in the majority of ARVC patients [14] but 69%
of our cases had no detectable echocardiographic disease features.
Moreover, the most striking observation was that MRI showed the
presence of LGE with preserved ventricular function in all index cases
and the majority of gene positive family members, a clinical feature
which is not currently a diagnostic criterion for ARVC [6]. Consequently,
in these cases, strict adherence to the Task Force diagnostic criteria, can
lead to individuals at risk being incorrectly classified as either
unaffected or being at low risk of complications. This highlights the
importance of genetic evaluation of asymptomatic family members
and the need of more detailed phenotyping targeting recognized
features of particular subtypes of ACM. In this study familial evaluation
limited to ECG and echocardiography would not have identified the
majority of at-risk individuals whereas significant abnormalities were
detected with ECG monitoring and CMRI, for example individuals IV:1
(Family A) and II:1 and III:4 (Family C).

In summary, we present the clinical phenotype of FLNC families
with index cases who fulfil Task Force diagnostic criteria for ARVC. It
is characterized by predominant LV involvement; frequently non-
diagnostic electrocardiography and echocardiography; frequent
ventricular ectopy or non-sustained VT on 24-h Holter monitoring and
fibrosis (late gadolinium enhancement) on MRI. Notably there is a high
incidence of adverse cardiovascular events, highlighted in our cohort
with a family history of multiple sudden cardiac death victims at a
young age. This clinical pattern appears similar to emerging experience
of other genetically determined arrhythmogenic cardiomyopathies
caused by mutations in TMEM43, phospholamban, desmin and lamin A/
C [15–18]. All may present with life threatening arrhythmia, myocardial
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structural abnormalities, usually predominantly of the left ventricle,
though patients have been reported who fulfil Task Force diagnostic
criteria. This highlights the need for evolution of the current
classification with use of the term ‘arrhythmogenic cardiomyopathy’
which incorporates ARVC as well as other inherited and acquired
forms of ACM. The recent Heart Rhythm Society guidelines for the
diagnosis and management of arrhythmogenic cardiomyopathy
recognize this evolving scenario [1].

Previous studies have highlighted the importance of
immunohistochemistry of cardiac tissue from mutation carriers in
investigating the disease mechanisms related to ACM [19,20]. In
this study, we sought to characterize the molecular profile of fixed
RV and LV specimens from ACM sudden death cases. It has been
previously shown that filamin C displays a strong localisation at
the intercalated disc that decreases or is completely absent in
patients with restrictive and dilated cardiomyopathy carrying FLNC
mutations [8,21]. Here, staining for FLNC showed a decreased
immunoreactive signal intensity in the left ventricle in all eleven
ACM cases highlighting a predominant left ventricle disease
pattern associated with mutations in this gene. This is consistent
with a recent study that reported reduced immunohistochemical
staining signal for filamin C in left ventricle samples from an
arrhythmogenic DCM patient who carried the p.G1891Vfs61X
mutation [10].

It is nowwell established that in ARVC plakoglobin translocates from
the intercalated discs to intracellular pools [19], an observation that is
considered as a “hallmark” of disease pathogenesis [22]. However, the

signal for plakoglobin was strong and indistinguishable from controls
in nine cases (82%) examined in our FLNC cohort in both left and right
ventricular samples. Interestingly, signal for plakoglobin was decreased
in both RV and LV specimens carrying the two missense variants (p.
K35N and p.T160K). However, at present, the significance of this finding
is unclear. Similar to plakoglobin mislocalization, the enzyme GSK3β is
re-distributed from the cytosol to the intercalated disc in classic ARVC
[23]. However, none of the eleven FLNC cases examined showed this
re-distribution.

Immunoreactive signal for the major gap junction protein Cx43 is
usually significantly depressed at cardiac intercalated discs in patients
with ARVC [23]. In our FLNC cohort, junctional signal for Cx43 was
reduced only in two (20%) RV and six LV (60%) cases. Considering the
advanced disease state and predominant LV involvement in all our FLNC
cases, it is unclear whether Cx43 remodelling played a primary role in
ACM pathogenesis or was a result of the histological changes in the
myocardium. The signal for the desmosomal protein desmoplakin
was found to be reduced at cell-cell junctions mainly in RV samples
(80%) and when DSP staining intensity was reduced in the left
ventricle, the corresponding RV signal for the same case was also
reduced. Altered desmoplakin localisation has been reported in left
dominant arrhythmogenic cardiomyopathy [24] and, as our FLNC
cases had a predominantly left dominant pattern of disease, the
observed reduction of desmoplakin signal is in line with this
phenotype.

SAP97 is a membrane-associated guanylate kinase reported to show
consistently decreased immunohistochemistry staining intensity in

Fig. 1. Pedigrees of ACM familieswith FLNC variants. Squares indicatemales; circles, females; slashes, deceased individuals; black symbols, definite diagnosis of ARVCbased on current Task
Force diagnostic criteria [6] or evidence of ARVC at postmortem; grey symbols, borderline diagnosis of ARVC; hatched symbols, gene positive individuals with possible diagnosis of ARVC;
(+), positive genotype for FLNC variant; (−), negative genotype for FLNC variant; Arrows indicate the index case in each family. ALVC, arrhythmogenic left ventricular cardiomyopathy;
PM, post mortem; SCD, sudden cardiac death. Gene negative individuals with a possible diagnosis of ARVC based solely on family history are depicted as unaffected.
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Table 1
Clinical characteristics of FLNC null variant carriers in families A-D.

Family
-Individual

FLNC
Genotype

NYHA
class/Symptoms

Age Sex ECG Echocardiography Arrhythmia CMRI Task Force
Diagnostic Criteria
(m, M)/Diagnosis

Description LVEF
(%)

24 h VE count/type
of arrhythmia

RV EDV
(ml)

RVEF
(%)

LV EDV
(ml)

LVEF
(%)

LGE distribution

Family A II:2
(index case)

p.Arg991X NYHA II 76 F Permanent AF,
low QRS voltage
in limb leads
Late potentials

Borderline LV dilatation with mild LV
systolic dysfunction

50 19,248
Non-sustained VT

146 49 122 41 Basal lateral LGE 2m and 1M
Definite

Family A III:2 p.Arg991X Asymptomatic 44 F Low QRS voltage
in limb leads

Normal biventricular size and function 55–60 12,935 Normal Normal 172 52 Normal/No LGE 1m and 1M
Borderline

Family A IV:1 p.Arg991X Palpitations 20 F T-wave
inversion
inferior leads

Normal biventricular size and function 55–60 69
Sustained VT
presentation, RBBB
morphology

212 54 206 59 Basal lateral sub-epicardial LGE 2m Possible

Family A IV:2 p.Arg991X Asymptomatic 18 F Unremarkable Normal biventricular size and function 55–60 1 168 58 184 56 Normal/No LGE 1m Unaffected
Family B II:1 c.7252-1G

N A
Presyncope 64 M Incomplete

RBBB
Normal biventricular size and function 55–60 535 2m Possible

Family B II:2
(index case)

c.7252-1G
N A

Asymptomatic 62 M Low QRS voltage Normal biventricular size and function 55–60 22 210 61 209 65 Sub-epicardial LGE basal-mid
anterolateral and inferolateral
walls

1M* Possible

Family C II:1 p.L1573X Asymptomatic 76 M Loss of inferior R
waves

Normal biventricular size and function 59 0 147 67 156 64 Basal lateral epicardial LGE None Unaffected

Family C III:1
(index case)

p.L1573X Syncope 54 M Low QRS voltage
in limb leads

Non-dilated LV with mild LV dysfunction
RV regional wall motion abnormality
(dyskinetic RVOT and RV free wall)

45–50 Sustained VT of
LBBB morphology
with superior axis

211 51 183 51 Extensive basal to mid
sub-endocardial LGE in the
anterolateral and inferolateral
walls

1m and 1M
Borderline

Family C III:4 p.L1573X Palpitations 50 F T wave inversion
V6

Normal biventricular size and function 60 166 Normal Normal 112 70 Equivocal basal LGE 1m Unaffected

Family C IV:1 p.L1573X Asymptomatic 19 M Unremarkable Normal biventricular size and function 59 3 180 54 173 57 Normal/No LGE None Unaffected
Family C IV:3 p.L1573X Asymptomatic 26 F Poor R-wave

progression in
anterior leads

Normal biventricular size and function 60 0 141 64 161 60 Normal/No LGE None Unaffected

Family D II:1 p.Arg482X Asymptomatic 73 M Unremarkable Non-dilated LV and mild LV dysfunction 45 1093 141 41 196 48 Circumferential basal LGE and
mid-inferior and inferolateral
LGE

1m and 1M
Borderline

Family D II:4 p.Arg482X NYHA II SCD
71

M T-wave
inversion V6

Dilated LV and severe LV dysfunction 35 9249
Non-sustained VT

Normal normal 257 52 Extensive inferior and
inferolateral subepicardial basal
LGE

2m and 1M
Definite

Family D III:2 p.Arg482X Asymptomatic 46 F Unremarkable Normal biventricular size and function 60–65 6 Non-sustained VT 131 71 149 68 Normal/No LGE 2m Possible
Family D III:3 p.Arg482X Asymptomatic 43 M Unremarkable Normal biventricular size and function 60–65 3 161 57 146 68 Subtle streak of non-ischaemic

LGE in the basal inferolateral
wall

1m Unaffected

Family D III:6
(index case)

p.Arg482X NYHA II 50 F Low QRS voltage
in precordial
leads

Borderline LV dilatation with mild to
moderate LV systolic dysfunction

40–45 5197 227 62 187 62 Basal inferolateral and inferior
wall LGE

1m and 1M
Borderline

AF, atrialfibrillation; CMRI, cardiacmagnetic resonance imaging; SCD, sudden cardiac death; ECG, electrocardiogram; EDV, end diastolic volume; EF, ejection fraction; NYHA, NewYorkHeart Association classification; LBBB, left bundle branch block; LGE, late
gadoliniumenhancement; LV, left ventricle; LVEF, left ventricular ejection fraction; LVIDD, end-diastolic internal dimension;m,minor Task Force ARVC diagnostic criterion;M,major Task Force ARVCdiagnostic criterion; RBBB, right bundle branch block; RV,
right ventricle; RVEF, right ventricular ejection fraction; RVOT, right ventricle outflow tract; VE, ventricular ectopic; VT, ventricular tachycardia; * one major diagnostic criterion due to family history.
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both the sarcomeric and junctional pools in the myocardium of
desmosomal ACM patients independently of the specific causative
mutation [25]. In our cohort SAP97 was reduced in the majority of RV
and LV specimens whilst in two cases SAP97 signal was detectable in
the sarcomeres but not at the intercalated discs. This finding is
consistent with previous reports on myocardial samples from patients
with end-stage ischemic, dilated and hypertrophic cardiomyopathy
[25].

Overall, we observed a specific localisation pattern in our cohort
for three proteins: FLNC signal was reduced in all cases; plakoglobin
signal was normal in the large majority of RV and LV specimens and
GSK3β signal was normal in all cases tested. All these findings point
to a disease pattern different to classic ARVC and are consistent with
the hypothesis that ACM associated with FLNC variants presents
with a left dominant arrhythmogenic cardiomyopathy phenotype
which may manifest via a different mechanism to typical right
ventricular arrhythmogenic cardiomyopathy. Begay et al., 2018
observed similar immunohistochemistry results to our data for a
patient with the p.G1891Vfs61X FLNC mutation, namely normal
plakoglobin immunostaining signal, typical GSK3β cytoplasmic
distribution and reduced DSP signal compared to control samples
[10].

Collectively, our analysis suggests that the clinical and molecular
“signature’ of FLNC cardiomyopathy is distinct to that of ARVC. These
results indicate that these two clinical entities reflect different molecular
mechanisms of pathogenesis.

4.1. Limitations

This study is limited by the small number of recruited FLNC variant
carriers which, in part, is attributed to the low frequency of causative
FLNC variants in ACM and the high genetic heterogeneity that
characterizes the disorder. As it is common in studies of cardiomyopathy
patients, small family sizes have restricted our ability to perform
extensive segregation analysis in all FLNC cases.

Immunohistochemical analysis relied on the availability of paraffin
fixed tissue. The challenges in collecting human heart samples are
well known. Therefore, this studywas also hindered by limited quantity
of tissue for each case and some samples were not immunostained for a
complete set of proteins.

5. Conclusion

ACM related to FLNC variants presents with a distinctive
phenotype that may not be recognized by current Task Force
ARVC diagnostic criteria or by familial evaluation limited to
ECG or echocardiography. Physicians should be aware of “non-
diagnostic” disease features in asymptomatic gene positive
individuals.

The molecular mechanism of pathogenesis of this form of ACM is
markedly different to classic ARVC and does not involve mislocalization
of plakoglobin or GSK3β.

Fig. 2. ECG and cardiacMR images from individual IV:1 (Family A)whowas clinically screened due to family history of ACM. A). Electrocardiogram showing inferior lead T-wave inversion
(III and aVF). B). CMRI two-chamber view of the left ventricle (left image) and short axis view (right image) showing basal lateral subepicardial late gadolinium enhancement (white
arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix 

Supplementary methods  

Clinical testing 

ECGs were recorded at rest using a standard protocol (10mm/mV in speed 25mm/s) in the 

standard lead position. Incomplete RBBB was defined in this study as QRS width <120ms with 

an R wave peak time in V1 or V2>50ms. Low voltage was defined as QRS voltage less than 

5mm in all limb leads and less than 10mm in all precordial leads. Poor R-wave progression 

was defined by R wave height ≤ 3mm in V3. Epsilon waves (reproducible low-amplitude 

signals between the end of QRS complex and the onset of T wave) and T-wave inversion were 

studied on all leads. T-wave inversion was defined as T-waves of negative amplitude ≥0.1mV. 

QRS duration in leads V1–V6 and terminal activation duration of QRS complex (TAD) in leads 

V1–V3 (from the nadir of S wave to the end of QRS, including R′) were measured. Signal 

averaged electrocardiograms were performed using time-domain analysis with a bandpass filter 

of 40Hz in individuals with QRS complex duration <110ms on standard ECG. 24h Holter 

monitoring was recorded on an outpatient basis. Ventricular extrasystoles and episodes of 

ventricular tachycardia (≥3 consecutive ventricular complexes at a rate of ≥100 beats/min) 
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were noted. No individual was receiving antiarrhythmic or other drugs known to affect the 

QRS complex at the time of acquisition of the ECG tracings. 

All individuals underwent echocardiography included standard 2-dimensional measurements 

of left ventricular end-diastolic diameter (LVEDd) and left ventricular ejection fraction (LVEF) 

by the Simpson bi-plane method. Henry’s formula was used to correct dimensions for age and 

body surface area. Right ventricular (RV) outflow-tract end-diastolic diameter was measured 

on parasternal long-axis view (RVOT-PLAX). Wall motion abnormalities (hypokinesia, 

akinesia, dyskinesia, and aneurysm) of the right and left ventricles were documented.  

CMRI was being performed on a 1.5 Tesla scanner (Magnetom Avanto, Siemens Medical 

Solutions) using a cardiac 32-channel phased array coil. Balanced steady-state free precession 

cine imaging are used to acquire 10–12 short axis slices (8mm slice thickness, 2mm gap) with 

one slice per breath-hold. Four-chamber, two-chamber and LV inflow/outflow views and a 

short-axis stack from mitral annulus to apex were obtained. Sequence parameters are 1.5ms 

echo time, 3.1ms repetition time, and acquired voxel size usually were 1.9 × 1.9mm with a 

typical FOV of 350mm in the phase encoding direction. Late gadolinium enhancement (LGE) 

imaging was acquired with a standard segmented ‘fast low-angle shot’ two-dimensional 

inversion-recovery gradient echo sequence or a respiratory motion-corrected, free-breathing 

single shot SSFP averaged phase sensitive inversion recovery (PSIR) sequence at 15 minutes 

following the injection of 0.1 mmol/kg of a gadolinium based contrast medium. Volumetry and 

all tissue characterisation analyses were performed on a standard post-processing platform 

(cvi42, version 5.6.5, Circle Cardiovascular imaging, Calgary, Canada). Manual epicardial and 

endocardial contours were drawn on the LV-SAX stack to measure LV volumes at end-diastole 

and end-systole. Papillary muscles and trabeculae were included within the LV cavity volume. 

LGE was deemed present if viewed on SAX stack imaging with verification in one LAX view, 

LGE will be recorded on 16 segments according to the American Heart Association 17 segment 
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model (segment 17 not assessed) along with the location (sub-endocardial, sup-epicardial, mid-

wall or transmural) and pattern of fibrosis. 

Bioinformatics analysis of WES data and variant filtering 

Paired-end sequence reads were aligned with NovoAlign (Novocraft Technologies) against 

the reference human genome assembly GRCh37 (hg19). Duplicate reads removal, format 

conversion and indexing were performed with Picard (http://picard.sourceforge.net/). The 

Genome Analysis Toolkit (GATK) (https://www.broadinstitute.org/gatk/) was used to 

recalibrate base quality scores and to perform local realignments around possible indels. The 

HaplotypeCaller 3.1 package in GATK was used to call variants and to generate a multi-sample 

joint genotyping. 

Variants were annotated using ANNOVAR software [1] and the Variant Effect Predictor 

(VEP) [2] tool from Ensembl. Pathogenicity of the identified missense variants was predicted 

using multiple bioinformatics in silico tools, namely HumVar-trained PolyPhen-2 model [3], 

SIFT [4] and MutationTaster [5].Variants were also annotated with frequencies as reported in 

large sequencing studies, with the Genome Aggregation Database (gnomAD, 

http://gnomad.broadinstitute.org/) [6] being the largest. Variants identified by WES with a 

minor allele frequency (MAF) higher or equal to 0.001 (0.1%) in the publically available 

gnomAD database were removed from further analysis. Variants outside of the coding and 

splice site regions were also filtered out. Remaining genetic changes were filtered by their 

predicted functional effect, which prioritized variants that are likely to result in a loss-of-

function (stop gain, frameshift deletion or insertion), non-synonymous or altering splicing. 

 

Copy number variants (CNVs) analysis 

The analysis of large rearrangements in the coding regions of genes was performed using a 

read depth strategy designed to overcome biases associated with sequence capture and high-
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throughput sequencing. This set of tools is implemented in the ExomeDepth software package 

(freely available at the Comprehensive R Archive Network) [7]. 

Immunohistochemistry 

Formalin-fixed, paraffin-embedded tissue sections (5μm) were deparaffinised, dehydrated, 

rehydrated and heated in citrate buffer (10mmol/l, pH 6.0) to enhance specific immunostaining. 

After being cooled to room temperature, the tissue sections were simultaneously permeabilized 

and blocked by incubation in phosphate-buffered saline (PBS) containing 1% Triton X-100, 

3% normal goat serum and 1% bovine serum albumin [8]. The sections were then incubated 

first with a primary antibody and then with indocarbocyanine-conjugated goat anti-mouse or 

anti-rabbit rabbit IgG. Primary antibodies included mouse monoclonal N-cadherin (Sigma, 

concentration 1:400), rabbit polyclonal Cx43 (Sigma, 1:400), mouse monoclonal plakoglobin 

(Sigma, 1:1000), mouse monoclonal desmoplakin (Fitzgerald, 1:10), rabbit polyclonal SAP97 

(Santa Cruz Biotechnology, 1:50), rabbit polyclonal anti-GSK3β (Cell Signaling Technology, 

1:80) and rabbit monoclonal anti-FLNC (Abcam, 1:200). 
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Fig. A1. Pedigrees of ACM families with FLNC VUS variants. 

Squares indicate males; circles, females; slashes, deceased individuals; black symbols, definite 

diagnosis of ARVC based on current Task Force diagnostic criteria [9] or evidence of ARVC 

at post mortem; grey symbols, borderline diagnosis of ARVC; hatched symbols, gene positive 

individuals with possible diagnosis of ARVC; (+), positive genotype for FLNC variant; (-), 

negative genotype for FLNC variant. Arrows indicate the index case in each family. PM, post 

mortem; SCD, sudden cardiac death. Gene negative individuals with a possible diagnosis of 

ARVC based solely on family history are depicted as unaffected. 

 

Fig. A2. Masson’s trichrome staining histology images of left ventricular myocardium 

obtained at post mortem from a carrier of the R1370X FLNC variant (case no 8) showing A). 

Fatty (asterisks) and fibrous infiltration (arrow heads) (x250) and B). Additionally patchy 

degeneration of cardiomyocytes (arrows) (x400). 

 

Fig. A3. Summary of immunohistochemistry staining data for RV and LV fixed tissue 

specimens from ACM cases with FLNC variants. 
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Table A1  

FLNC variants identified by WES in cohort of ACM patients without pathogenic variants in 

known cardiomyopathy and arrhythmia genes. 

Variant classification according to ACMG guidelines was performed using the InterVar online 

tool [10, 11]. VUS, variant of unknown significance. *predicted effect on exon splicing by 

NETGENE2 (http://www.cbs.dtu.dk/services/NetGene2/) [12] and Berkeley Drosophila 

Genome project (BDGP; http://www.fruitfly.org/seq_tools/splice.html) [13]. 

 

 

Sample ID 

FLNC cDNA 

change 

FLNC amino acid 

change 

gnomAD 

frequency [6] 

ACMG classification 

[10, 11] 

 

Family A II:2 c.2971C>T p.R991X Novel 

 

Pathogenic 

Family B II:2 c.7252-1G>A 

Predicted abnormal 

exon splicing* Novel 

 

Pathogenic 

Family C III:1 c.4718T>A p.L1573X Novel 

 

Pathogenic 

Family D III:6 c.1444C>T p.R482X Novel 

 

Pathogenic 

Family E 

II:3 c.174-185del p.59_62DLQRdel Novel 

 

VUS 

Family F 

II:2 c.6779A>G p.K2260R 4.554 x 10-5 

 

VUS 

Index case G c.6173A>G p.Q2058R Novel VUS 

Index case H c.2141T>C p.I714T Novel VUS 

Index case I c.5644A>G p.I1882V 0.001122 VUS 
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Table A2 

Incidents of sudden cardiac death in families with FLNC variants. 

Family 

Documented SCD 

(n) 

Age at death 

(yrs) 

PM report Comment 

 

A 

 

2 

20 ALVC Individual III:3 

59 N/A 

Not shown in 

pedigree 

 

B 

 

1 20 ACM 

Individual III:1 

FLNC c.7252-1G>A 

carrier 

C 

 

3 

40 

N/A Not shown in 

pedigree 

60 

N/A Not shown in 

pedigree 

70 

N/A Not shown in 

pedigree 

D 

 

 

3 

27 Biventricular dilatation 

Individual III:5 

 

29 N/A 

Individual II:5 

 

71 N/A 

Individual II:4 

Definite diagnosis, 

FLNC R482X 

carrier 

E 

1 

40 N/A 

Individual II:1 
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F 

 

1 36 ACM 

Individual III:1 

FLNC K2260R 

carrier 

 

G 

 

2 

26 ACM Pedigree not shown 

60 N/A Pedigree not shown 

H 1 42 N/A Pedigree not shown 

I 1 47 N/A Pedigree not shown 

 

ACM, arrhythmogenic cardiomyopathy; ALVC, arrhythmogenic left ventricular 

cardiomyopathy; PM, post mortem; SCD, sudden cardiac death. 
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Table A3  

Clinical characteristics of FLNC VUS variant carriers in cases E-I.  

Family -
Individual 

FLNC 
Genotype 

NYHA class-
Symptoms 

Age Sex ECG Echocardiography Arrhythmia CMRI Task Force 
Criteria  
(m, M) / 
Diagnosis 

Description LVEF 
(%) 

24 hr VE 
count / 
Type of 
arrhythmia 

RV 
EDV 
(ml) 

RVEF 
(%) 

LV EDV 
(ml) 

LVEF 
(%) 

LGE 
distribution 

 

Family E 
II:3 
(index 
case) 

p.59_62 
DLQRdel 

palpitations 
NYHA I 

68 F Inferolateral T-
wave inversion,  
 
late potentials 

Moderate to 
severe LV 
dysfunction 
 
RV regional 
wall 
abnormality 
(dyskinesia 
plus RV 
dilatation) 

35-40 AF,  
Non- 
sustained 
VT 

N/A N/A N/A N/A N/A 3m and 1M 
 
Definite 

Family E 
III:1 

p.59_62 
DLQRdel 

Asymptomatic 38 F Unremarkable Unremarkable 55 750,  
Non- 
sustained 
VT 

N/A N/A N/A N/A N/A 1m and 1M 
 
Borderline 

Family F 
II:2 
(index 
case) 

p.K2260R Asymptomatic 74 F Low QRS 
voltage and 
poor R wave 
progression, 
SAECG normal 

Unremarkable 55 1 89 69 77 75 Sub-
epicardial 
at basal 
mid to 
inferior 
wall 

1M 
 
Possible 

Family F 
IV:2 

p.K2260R Asymptomatic 16 F Unremarkable Unremarkable 60 0 Normal Normal 141 63 No LGE 1M* 
Possible 

Index 
case G 

p.Q2058R Palpitations 67 F Low QRS 
voltages 

Unremarkable 55 paroxysmal  
AF, 84 

Normal Normal 112 69 Basal 
lateral non-
infarct 
fibrosis 

1M* 
Possible 

Index 
case H 

p.I714T NYHA II and 
Syncope 

64 M T-wave 
inversion V1-V4 

Dilated RV, 
RV lateral wall 
akinesia 

50 138 
 

290 44% 227 57 No LGE 1m and 2M 
 
Definite 
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Non- 
sustained 
VT 

Index 
case I 

p.I1882V NYHA I 78 M Unremarkable 
ECG 
 
Late potentials 

Moderate RV 
dilatation and 
RV aneurysm 

55 N/A N/A N/A N/A N/A N/A 1m and 2M* 
 
Definite 

 

AF, atrial fibrillation; CMRI, cardiac magnetic resonance imaging; ECG, electrocardiogram; EDV, end diastolic volume; EF, ejection fraction; 

NYHA, New York Heart Association classification; LGE, late gadolinium enhancement; LV, left ventricle; m, minor Task Force ARVC diagnostic 

criterion; M, major Task Force ARVC diagnostic criterion; RV, right ventricle; SAECG, signal averaged electrocardiogram; VE, ventricular 

ectopics; VT, ventricular tachycardia; * one major diagnostic criterion due to family history (pedigree not shown for index case G). 
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Table A4 

FLNC variants identified in cardiac tissue samples used in immunohistochemistry analysis. 

Case no 

FLNC genomic or cDNA 

change 

FLNC amino 

acid change 

gnomAD 

frequency [6] 

ACMG 

classification 

[10, 11] 

1 

g.128470694_128498579del ^ 

(c.3_*2del) 

p.0? Novel Pathogenic 

2 c.105G>C p.K35N Novel VUS 

3 c.249C>G p.Y83X Novel Pathogenic 

4 c.479C>A p.T160K Novel VUS 

5 c.1965_1966delTG p.A656PfsX8 Novel Pathogenic 

6 c.2115_2120delTGCCCA p.Y705X Novel Pathogenic 

7 c.4288+2T>G 

Predicted 

abnormal exon 

splicing * 

Novel 

 

Pathogenic 

8 c.4108C>T p.R1370X Novel Pathogenic 

9 c.5398G>T p.G1800X Novel Pathogenic 

10 c.5398G>T p.G1800X Novel Pathogenic 

11 c.5298+21C>T 

Predicted 

abnormal exon 

splicing * 

Novel 

 

VUS 

Variant classification according to ACMG guidelines was performed using the InterVar online 

tool [10, 11]. VUS, variant of unknown significance. *predicted effect on exon splicing by 

NETGENE2 (http://www.cbs.dtu.dk/services/NetGene2/) [12] and Berkeley Drosophila 

Genome project (BDGP; http://www.fruitfly.org/seq_tools/splice.html) [13]. ^Genomic 

coordinates of the FLNC gene according to Ensembl human genome assembly GRCh37.p13. 
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Arrhythmogenic cardiomyopathy (ACM) encompasses a group of inherited cardiomyopathies including arrhyth-
mogenic right ventricular cardiomyopathy (ARVC) whose molecular disease mechanism is associated with dys-
regulation of the canonical WNT signalling pathway. Recent evidence indicates that ARVC and ACM caused by
pathogenic variants in the FLNC gene encoding filamin C, a major cardiac structural protein, may have different
molecular mechanisms of pathogenesis. We sought to identify dysregulated biological pathways in FLNC-
associated ACM.
RNA was extracted from seven paraffin-embedded left ventricular tissue samples from deceased ACM patients
carrying FLNC variants and sequenced.
Transcript levels of 623 genes were upregulated and 486 genes were reduced in ACM in comparison to control
samples. The cell adhesion pathway and ILK signalling were among the prominent dysregulated pathways in
ACM. Consistent with these findings, transcript levels of cell adhesion genes JAM2, NEO1, VCAM1 and PTPRC
were upregulated in ACM samples. Moreover, several actin-associated genes, including FLNC, VCL, PARVB and
MYL7, were suppressed, suggesting dysregulation of the actin cytoskeleton. Analysis of the transcriptome for dys-
regulated biological pathways predicted activation of inflammation and apoptosis and suppression of oxidative
phosphorylation and MTORC1 signalling in ACM.
Our data suggests dysregulated cell adhesion and ILK signalling as novel putative pathogenicmechanisms of ACM
caused by FLNC variantswhich are distinct from the postulated diseasemechanismof classic ARVC causedby des-
mosomal genemutations. This knowledge could help in the design of future gene therapy strategieswhichwould
target specific components of these pathways and potentially lead to novel treatments for ACM.
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1. Introduction

Arrhythmogenic cardiomyopathy (ACM) is an important cause of
sudden cardiac death (SCD) in those under 35 years of age [1]. ACM is
characterised by global or regional ventricular dysfunction associated
with fibro-fatty replacement of the myocardium, conduction defects,
and arrhythmias [2].

Arrhythmogenic right ventricular cardiomyopathy (ARVC), a major
subtype of ACM, is considered a disease of the desmosome, commonly
caused by mutations in genes coding for major desmosomal proteins
[2,3]. CanonicalWNT signalling has been implicated in the pathogenesis
of classic ARVC caused bymutations in desmosomal genes [4]. However,
the role of this signalling pathway in other subtypes of ACM is
unknown.

Pathogenic variants in the FLNC gene encoding filamin C, also
known as actin binding like protein γ-filamin, a major structural
protein, have been recognised to cause several cardiomyopathies
associated with SCD including ACM [5–8]. We recently studied
the clinical and molecular “signature” of FLNC-associated disease
in pedigrees with ACM as well as in fixed cardiac tissue specimens
from deceased ACM cases with FLNC pathogenic variants [9]. In that
study immunohistochemistry analysis provided early evidence
that the pathogenic mechanism related to genetic variants in
FLNC may be different to typical ARVC [9]. However, currently the
disease mechanisms related to FLNC are mostly unknown as is the
molecular pathogenesis of ACM caused by FLNC variants. The pur-
pose of this study was to gain insights into the molecular patho-
genesis of ACM caused by FLNC variants.

2. Methods

2.1. Sample selection

Fixed cardiac tissue from six deceased ACM cases with FLNC var-
iants was obtained through a collaborative research project be-
tween Spanish pathology centres and hospitals as previously
described [9]. All cases were sudden cardiac death victims with a
diagnosis of ARVC or left dominant arrhythmogenic cardiomyopa-
thy at post mortem. [9]. FLNC variants include five pathogenic and
one variant of unknown significance according to the American
College of Medical Genetics (ACMG) variant classification [10]. In
addition, one ACM case carrying the novel c.7252-1GNA splicing
variant in FLNC (also classified as pathogenic) was identified from
sudden death archive cases in the UK. All cases were negative for
pathogenic variants in other known ACM genes. A list of FLNC var-
iants present in samples used in this study is provided in Appendix
Table A.1.

In total, paraffin embedded left ventricular (LV) tissue samples
were available from seven patients for RNA extraction and se-
quencing. Paraffin fixed LV samples from four age-matched indi-
viduals, who died from non-cardiac conditions, were used as
controls.

All procedures performed in studies involving human participants
were in accordance with the ethical standards of the relevant NHS
Health Research Authority Ethics Committees (REC ID: 15/LO/0549) in
the UK, CEIC Hospital Virgen de la Arrixaca, − CEIC Hospital
Universitario y Politécnico La Fe in Spain and with the 1964 Helsinki
declaration and its later amendments. Human samples and data on sud-
den death caseswere collectedwith informed consent from first-degree
family members.

2.2. RNA sequencing

RNA from LV tissue was extracted and sequenced by Qiagen as a
commercial service project. Detailed methodology is provided in the
Appendix (Supplementary methods).

2.3. Pathway analysis

Advanced bioinformatic data analysis and interpretation was com-
pleted in-house usingWebGestalt, g:Profiler (g:GOSt) and Qiagen Inge-
nuity Pathway Analysis (IPA) as described in detail in the
Supplementary material, Appendix.

2.4. Quantitative polymerase chain reaction (qPCR)

Comprehensive validation of changes in the transcript levels of the
target genes, detected by RNA-seq, was not feasible due to limited
amount of tissue samples available. Therefore, changes in the transcript
levels of selected genes related to the predicted dysregulated pathways
were investigated by qPCR. In particular, Taqman assays (Thermo Fisher
Scientific) were used for five genes: FLNC, Hs00155124_m1; VCL,
Hs00419715_m1; PARVB, Hs00203381_m1; THBS4, Hs00170261_m1;
MYL7, Hs01085598_g1 (Supplementary methods, Appendix Table A.2).

3. Results

3.1. RNA sequencing quality

On average 53.1 million reads were obtained per sample. It is esti-
mated that 40 million reads per sample for total RNA-seq is sufficient
for detecting differential expression of genes [11]. Approximately,
26.4% of the sequence reads were mapped to the reference human ge-
nome assembly GRCh37 (hg19) and were used in subsequent analysis.

3.2. Differentially expressed genes (DEGs)

Analysis of RNA-seq data led to identification of 623 upregulated
genes, 486 downregulated genes, 92 upregulated isoforms and 127
downregulated isoforms, all with a q value b0.05, in ACMhearts as com-
pared to controls (Fig. 1A). The DEGs were targets of a number of tran-
scriptional regulators, including STAT1, IRF family of transcription
factors, CEBPB andCTNNB1,whichwere predicted, based on their target
transcript levels, to be among themost activated transcriptional regula-
tors, whereas TRIM24 andMYCN were predicted to be among the most
suppressed transcriptional regulators (Fig. 1B and C).

The DEGs identified were filtered as shown in Appendix Fig. A.1A
and B to produce a gene list for GeneOntology (GO) terms and pathway
analysis by different software programmes. In accord with the known
interactions of FLNC with the actin cytoskeleton in striated muscles
and its perceived functions in localization of signalling receptors and
the structural organization of Z-discs [12], the most enriched Gene On-
tology terms found by bothWebGestalt and g:GOSt included ‘cell adhe-
sion’ (p = 5.70 × 10−23), ‘extracellular matrix organization’ (p =
4.91 × 10−22) and ‘circulatory system development’ (p =
1.24 × 10−12) (Fig. 2 and Appendix Table A.3). Gene set enrichment
analysis (GSEA) also identified enrichment of genes involved in cell ad-
hesion among the DEGs (Fig. 1D). Heat map of the dysregulated genes
involved in the cell adhesion pathway is shown in Fig. 1E. Thus, themu-
tant FLNC proteins appear to have an impact on themolecular composi-
tion of the extracellular matrix (ECM) and the proteins involved in cell
adhesion or the regulation of cell adhesion.
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WebGestalt was also used to identify themost enriched KEGG path-
ways, as shown in Appendix Table A.4. The most dysregulated KEGG
pathway, which contained FLNC and 23 other dysregulated genes in
the dataset, was the “focal adhesion” pathway (p = 5.67 × 10−5). The
‘protein digestion and absorption’ and ‘ECM-receptor interaction’
KEGG pathways were also dysregulated (p = 6.78 × 10−6 and p =
9.17 × 10−6 respectively).

In the focal adhesion KEGGPathway (https://www.genome.jp/kegg-
bin/show_pathway?map04510 [13] - Appendix Fig. A.2), 18 geneswere

upregulated and six genes were downregulated in the cardiac tissue
from FLNC variant carriers compared to control cardiac tissue. The path-
way contains several abbreviations for terms, which group multiple
genes under the same category, including, ECM and GF (growth factor).

To identify enriched pathways within the dataset, after filtering for
significance (q b 0.05), genes and isoforms were combined and
uploaded to IPA (Qiagen). This identified a number of dysregulated
pathways, including those involved in inflammation and ILK signalling
among the major dysregulated pathways (Fig. 3A). The corresponding

Fig. 1. Dysregulated gene expression in ACM cardiac tissue samples carrying FLNC variants. A). Volcano plots showing differentially expressed genes (q b 0.05) in ACM samples compared
to controls. Z score plots showing transcriptional regulators targeting B). upregulated or C). downregulated genes. D). Gene set enrichment analysis plot of differentially expressed genes
showing enrichment of genes involved in cell adhesion. E). Heatmap of dysregulated genes in the cell adhesion pathway.
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heatmap of DEGs in the ILK pathway is presented in Fig. 3B and a Circos
map showing the DEGs in the main dysregulated pathways, namely
those involved in inflammation and ILK signalling, is shown in Fig. 3C.

The two most significantly enriched canonical pathways identified
by IPA (Appendix Fig. A.3) are the ‘integrin linked kinase pathway’
(ILK pathway, Fig. 4) which contains FLNC (p = 2.17 × 10−5) and the
‘hepatic fibrosis pathway’ (p = 7.75 × 10−7). It is worth noting that
the canonical WNT signalling pathway does not appear to be dysregu-
lated in FLNC cardiac samples.

3.3. Confirmation analysis with qPCR

Changes in the transcript levels of selected DEGs were further vali-
dated byqPCRonRNA extracted from the same paraffin cardiac samples
used in the RNA sequencing process. Five genes in the ILK pathway,
FLNC, VCL, PARVB, THBS4 and MYL7, were confirmed to show the same
pattern of dysregulation as found by RNA sequencing at a statistically
significant level (p b 0.0001 and p b 0.05) (Appendix Fig. A.5A). In the
cell adhesion pathway, two genes, JAM2, NEO1, showed statistically sig-
nificant increased transcription levels compared to controls (Appendix
Fig. A.5B). Two additional genes, VCAM1 and PTPRC, showed undetect-
able transcript levels in control tissue samples but had detectable tran-
script levels in FLNC cardiac samples (Appendix Fig. A.5B).

4. Discussion

We defined transcriptomic profiles in 7 LV samples from patients
with ACM and 4 controls and identified DEGs in ACM samples associ-
ated with pathogenic variants in the FLNC gene. The notable findings
were dysregulated pathways pertaining to cell adhesion, extracellular
matrix protein, and inflammation. The findings were replicated across
multiple bioinformatics platforms and were partially validated by
qPCR of selected target genes pertaining to the dysregulated pathways.

Overall, the most significantly enriched pathways were: the focal adhe-
sion pathway, the protein digestion and absorption pathway, and ECM re-
ceptor interaction pathway.

The above three KEGG pathways are intrinsically linked and there is
a great degree of overlap with a large number of genes present in all
three. For example, the protein digestion and absorption pathway and
ECM receptor interaction pathway contain genes that overlap with
those in the focal adhesion pathway but the former did not contain
FLNC. In addition, ECM organization involves proteolysis which links
this pathway to the protein digestion and absorption pathway. Simi-
larly, the ECM receptor interaction pathway is also related to the focal
adhesion pathway, as focal adhesions form a connection between the
actin cytoskeleton of the cell and the extracellular matrix [14]. Given
that the protein digestion and absorption pathways are not cardiac spe-
cific and the ECM receptor interaction pathway did not directly involve
FLNC, these two pathways were not investigated further.

The IPA software package was used to confirm the KEGG pathway
analysis performed by WebGestalt and identified the integrin linked ki-
nase (ILK) canonical pathway and the hepatic fibrosis canonical pathway
as most statistically significant. The ILK signalling pathway is involved
in the regulation of cell adhesion,migration, differentiation and apopto-
tic cell death [15] and substantially overlaps with the KEGG focal adhe-
sion pathway. In particular, the ILK pathway contains both FLNC and six
other geneswhich are also present in theKEGG focal adhesion pathway:
PARVB, ITGB8, JUN,MAPK10,MYL7 and VCL. The dysregulated hepatic fi-
brosis canonical pathway suggests involvement of genes that are likely
to be commonly involved in the induction of fibrosis in both cardiac and
liver tissue. The hepatic fibrosis pathway, however, did not relate to GO
terms identified byWebGestalt and g:GOSt and, therefore, was not fur-
ther investigated.

Analysis of the dysregulated genes in the focal adhesion pathway
showed a possible link to the regulation of the actin cytoskeleton.
Focal adhesions form between the actin cytoskeleton and extracellular

Fig. 2.Map displaying the most enriched GO terms for the FLNC variant carriers vs control group usingWebGestalt [25]. The enriched GO terms are shown in the context of the ontology
tree; the stronger the red colour in the GO term boxes, the more significant the enrichment is. The GO terms in the white boxes are not significantly enriched but are included in order to
provide information about the parentage of the enriched terms. gNum, Number of genes in the gene set also in the category. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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matrix and have the ability to act as signalling transduction platforms
[16]. Actin filaments are connected to transmembrane receptors of the
integrin family via junctional plaque proteins. In addition, there are a
number of proteins present in the focal adhesion pathway, for example
paxillin, filamin and vinculin, which interact with the tails of the
integrin subunits either directly or indirectly. These interactions have
both a structural component, linking them to the actin cytoskeleton,
and a role in signal transduction [17].

Comparison of the ILK pathway to the focal adhesion pathway re-
veals important similarities including the presence of FLNC. ILK has
been located in focal adhesions and fibrillar adhesions [18] and is
known to interact with multiple focal adhesion proteins, including
PINCH, alpha-parvin and paxillin [18]. Additionally the proteins in the
ILK pathway are involved in cell adhesion, cytoskeleton organization
and actin reorganization similarly to those in the focal adhesion path-
way (Appendix Fig. A.2 and Fig. 4).

Previous studies have identified the KEGG focal adhesion and ILK ca-
nonical pathways as vital for cardiac function [19,20]. It is important to

highlight that the dysregulatedpathways in ACMLV samples, annotated
differently in different bioinformatics platforms, all converge to high-
light dysregulated cell adhesion, involved in actin cytoskeleton and
ECM organization, as a mechanism in the pathogenesis of ACM associ-
ated with the FLNC variants. The mechanism seems to differ from
those involved in the pathogenesis of ACM caused by mutations in
genes coding for desmosome proteins.

The focal adhesion pathway also included GSK3b and CTNNB1 genes,
which aremembers of the canonicalWNT signalling pathway. However,
transcript levels of these two genes were unchanged in ACMheart sam-
ples associated with FLNC variants as compared to controls. This is con-
sistent with previous immunohistochemistry analysis which detected
no apparent reduction of the immunoreactive signal for GSK3b in LV
specimens from the same ACM cases [9]. Activation of the ILK/focal ad-
hesion pathways is implicated in activation of β-catenin which, in turn,
binds to the Wnt1 promoter region to upregulate gene transcription
leading to positive feedback of the WNT/β-catenin pathway [21]. Tran-
script levels of the canonical WNT pathway target genes were

Fig. 3. Biological pathways disrupted in ACM cardiac tissue samples carrying FLNC variants identified by IPA analysis. A). Histogram of dysregulated canonical pathways. B). Heatmap of
DEGs in the ILK pathway. C). Circos plot showing differentially expressed genes in the ILK signalling and inflammation pathways.
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upregulated in theACMhearts. However,whether the upregulationwas
a consequence of activation of the ILK pathway or independent of it, or
secondary to advanced heart failure, remains unclear. Overall, the find-
ing suggests involvement of multiple pathways, particularly those in-
volved in cell adhesion in the pathogenesis of ACM caused by FLNC
variants.

It is also worth noting that the Alpha-parvin/ILK/Pinch1 (PARVA/
ILK/LIMS1) complex, which is involved in linking focal adhesions to
the cytoskeleton, has been previously associatedwith dilated cardiomy-
opathy DCM [22]. Although our dataset shows no dysregulation of this
complex, we did detect a downregulation of Parvin-beta (PARVB), a
paralog of PARVA, in cardiac samples with FLNC variants compared to
control samples. Parvin-beta has been found to localise to focal adhe-
sions as a cytoplasmic adaptor protein playing part in the connection
of integrin receptors to the cytoplasm [23]. Parvin-beta could, therefore,
be having a similar effect on focal adhesion formation as alpha-parvin,
ultimately affecting the structure of the cytoskeleton, and thereby con-
tributing to this unique LV ACM/DCM cross-over phenotype.

Interestingly, a recent study reported an association of novel mis-
sense variants in ILK with arrhythmogenic cardiomyopathy [24]. In
that study, Brodelh et al. presented evidence that in vitro loss of focal ad-
hesion location in mutant cells may be due to disruption of the ILK-
PINCH complex. These findings are in line with data presented in this
study that suggest a dysregulation of the ILK pathway in ACM cardiac
tissue.

Given the limited quantities of extracted RNA we were able to vali-
date by qPCR changes in transcript levels of a small number of selected
DEGs in the ILK and cell adhesion pathways including actin-associated
genes. We also confirmed suppression of FLNC in LV samples carrying
variants in this gene. This appears to be consistent with recent findings
that showed reduced immunoreactive signal for filamin C in the same

tissue samples [9]. This data strengthens earlier observations that
ACM caused by FLNC variants is associated with a predominant left ven-
tricle disease pattern [8,9].

4.1. Limitations

This study has a number of limitations including thematerial source
being paraffin fixed tissue and the lowyield of intact RNA in such tissues
compared to fresh or frozen cardiac tissues, which hampered extensive
confirmation of the RNA-seq and bioinformatics findings. The relatively
small quantity of extracted RNA limited qPCR confirmation experiments
to 5 and 4 genes from the focal adhesion and adhesion pathways, re-
spectively. In addition, the small amount of cardiac tissue available pre-
cluded the validation of the results at the protein level by Western
blotting analysis. The study was also limited by the small number of
samples available, in part because of the challenges in collecting
human heart samples and in part because of genetic heterogeneity of
human ACM and uncommon nature of the FLNC variants.

Given that the heart samples were patients with expressed pheno-
types including heart failure, it is difficult to discern the primary
changes resulting directly from FLNC variants from those secondary to
cardiac dysfunction, heart failure, and other cardiac pathologies.

5. Conclusion

This is the first study that reports on transcriptomic profiles of car-
diac tissue samples from patients with ACM associated with FLNC vari-
ants. The findings were notable for dysregulated ILK and the focal
adhesion pathways, potentially affecting the actin cytoskeleton organi-
zation and leading to impaired function and dysregulated related sig-
nalling pathways. The findings implicate disruption to these pathways

Fig. 4. The ILK Signalling pathway generated using IPA. The genes with an outer pink border are present in this dataset. Those coloured in green are downregulated in the FLNC cardiac
specimens and those that are coloured in red/pink are upregulated compared to the control group. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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as putative disease mechanisms in ACM caused by the FLNC variants.
Our data suggests the presence of different pathogenic mechanisms be-
tweenARVC caused bymutant desmosomeproteins, which involves the
canonical WNT signalling pathway, and ACM caused by FLNC variants,
which may involve disruption of cell adhesion pathways. As this is the
first study reporting on the transcriptomic profile of FLNC-associated
ACM, these findings need to be confirmed by future studies which will
focus on the interactions betweenmutant filamin C and specific compo-
nents of the identified pathways.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2019.12.002.
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Appendix 

Supplementary methods  

RNA sequencing 

RNA was extracted from paraffin tissue blocks using Qiagen RNeasy FFPE Kit and quantified 

using Qubit RNA HS Assay Kit (Thermo Fisher Scientific). Quality of the extracted RNA was 

assessed using Agilent Tape station 200 running RNA Screen tape (Agilent). RNA sequencing 

libraries were prepared, following depletion of rRNA, using TruSeq stranded total RNA sample 

preparation kit (Illumina). Library pools were placed on a flow cell and sequenced on an 

Illumina Next Seq 500 instrument (2x75 cycles) according to the manufacturer’s protocols. A 

Next Generation Sequencing data analysis pipeline for RNA sequencing (RNA-seq) developed 

by the Qiagen bioinformatic department was used for the initial analysis. This included the 

software Bowtie2 (v.2.2.2) [1], Tophat (v2.0.11) [2] and Cufflinks (v2.2.1) [3].  
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Pathway analysis 

WebGestalt (http://www.webgestalt.org) is a WEB-based Gene SeT AnaLysis Toolkit, 

which enables assessing functional enrichment of large gene sets to identify enriched Gene 

Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [4, 5]. g:Profiler 

(http://biit.cs.ut.ee/gprofiler/index.cgi) is a webserver that enables performing functional 

statistical enrichment analysis through the g:GOSt tool. It produces a list of enriched GO terms, 

as well as enriched terms from other resources, for the submitted dataset [6].  Qiagen Ingenuity 

Pathway Analysis is a web based software which allows analysis of data from RNA-seq 

experiments. (https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis). 

The WebGestalt and g:Profiler (g:GOSt) analyses were conducted using the GO annotation 

files (dated 24th October 2016 and accessed in June 2018), and KEGG files (dated 1st October 

2016 and accessed in June 2018). G:Profiler (g:GOSt) version r1741 utilized Ensembl 90 and 

Ensembl genomes 37. IPA analysis filtered genes and isoforms based on significance of the 

fold change q value (q< 0.05 was considered significant). A log2fold score of  1 or  -1 was 

used to further filter the dataset. Genes and isoforms were then combined to form a single 

dataset. Appendix Figures A.1A and A.1B display the filtering steps for each software 

program.  

Differentially expressed genes (DEGs) were identified using the edgeR analysis package in 

R statistical program with the significance level set at q<0.05 [7].  

Rstudio was used to generate the heatmaps and volcano plots from the inferred FPKM 

values (www.rstudio.com). Enriched upstream regulators were inferred using Gene Set 

Enrichment (GSEA, version 2.2.3, http://software.broadinstitute.org/gsea/). Circos plots were 

generated in RStudio using the GO-Chord option. 
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Quantitative Polymerase Chain Reaction (qPCR) 

Taqman assays (Thermo Fisher Scientific) were used for five genes: FLNC, 

Hs00155124_m1; VCL, Hs00419715_m1; PARVB, Hs00203381_m1; THBS4, 

Hs00170261_m1; MYL7, Hs01085598_g1. SYBR Green assays for thirteen genes related to 

the cell adhesion pathway were performed with 200ng of cDNA from control and FLNC 

samples. Primers specific for each transcript were designed using the Primer-BLAST program 

on NCBI (Appendix Table A.2). Cycle threshold values (cT) were determined by setting the 

ΔRn at 0.1. Due to low amount of input samples all cT values were considered for the analysis. 

Target gene expression levels were normalized to the GAPDH (Glyceraldehyde 3-phosphate 

dehydrogenase) level to determine ΔCt. Fold change was calculated by the formula 2-ΔΔCt, 

where ΔΔCt was calculated by using ΔCt of FLNC - ΔCt of average control. P values were 

determined by unpaired t-test of ΔCt values of control and FLNC groups using GraphPad Prism 

7 (www.graphpad.com).  

 

Immunohistochemistry 

Methodology related to immunohistochemical analysis of the filamin C protein in LV samples 

from deceased ACM cases and control samples has been previously provided in detail [8]. 
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Supplementary results  

Gene Set Enrichment analysis (GSEA)  

Dysregulated biological pathways identified by IPA were analysed by GSEA of DEGs, which 

predicted activation of inflammation, KRAS (K-Ras) and apoptosis and suppression of 

oxidative phosphorylation and MTORC1 (mechanistic target of rapamycin complex 1) 

signalling in the ACM hearts. Representative GSEA plots are shown in Appendix Figures A.4A 

and A.4B.   

 

Immunohistochemistry 

Reduction of immunoreactive signal for filamin C in the LV samples from FLNC variant 

carriers used in this study has been described before [8]. Characteristic immunohistochemistry 

images from four ACM samples are provided in Appendix Figure A.6. 
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Table A.1  

FLNC variants present in the fixed cardiac tissue specimens. 

 

 

 

 

 

 

 

 

 

FLNC sample number cDNA change Amino acid change ACMG classification [9] 

1 c.3_*2del p.0? Pathogenic  

2 c.249C>G p.Y83X Pathogenic 

3 c.479C>A p.T160K 
Variant of unknown 

significance 

4 c.4108C>T p.R1370X Pathogenic 

5 c.4288+2T˃G predicted abnormal exon splicing Pathogenic 

6 c.5398G>T p.G1800X Pathogenic 

7 c.7252-1G>A predicted abnormal exon splicing Pathogenic 
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Table A.2  

Primer sequences used in SYBR Green assays. 

Gene Primer sequence (5’-3’) 

GAPDH Forward: TCTCTGCTCCTCCTGTTCGAC 

Reverse: GCCCAATACGACCAAATCCGTT 

JAM2 

 

Forward: ATGTTTTCCCCCACACAAAGG 

Reverse: GCAAATACAAGTCTGGACACCA 

ICAM1 Forward: AGCTTCGTGTCCTGTATGGC 

Reverse: GACACTTGAGCTCGGGCAAT 

ICAM2 Forward: AACACCTCAGGCTCCAACCC 

Reverse: AAGAGGACATCTCTGGCAGTC 

PTPRC Forward: GCCAGGTCTGGAACATGACT 

Reverse: TGGTAACGTTCATGGGGGC 

VCAM1 Forward: GTTGAGATCTCCCCTGGACC 

Reverse: AGAGGGCTGTCTATCTGGGT 

CD4 Forward: TAGTGTTCGGATTGACTGCCA 

Reverse: CCTACATTGCACTGAGGGGC 

CD58 Forward: AGCAGCGGTCATTCAAGACA 

Reverse: CCAATCAATTGGAGTTGGTTCTGT 

ITGA4 Forward: TCATTTCTTCCATGCTTCCTCC 

Reverse: TTTGGCATTGGCATTGTGTACC 

CDH5 Forward: ATGAGATCGTGGTGGAAGCG 

Reverse: TGTGTACTTGGTCTGGGTGAAG 
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CD34 Forward: GCTGGGCGAAGACCCTTATT 

Reverse: GTTCACACTGGCCTTTCCCT 

NEO1 Forward: CTGAGACCTTGGTAAGCGGG 

Reverse: CCGGGCCTGTACCATTGATT 

ITGA6 Forward: AGGACAACGTGATCCGGAAA 

Reverse: GAGCAACAGCCGCTTGTCC 

CD40 Forward: GTCTGTGGTCCCCAGGATCG 

Reverse: GGCTTCTTGGCCACCTTTTTG 
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Table A.3  

Output from g: Profiler, g:GOSt application showing the most statistically significant Gene 

Ontology annotations. 

p value T Q Q&T Term ID 

Term 

Type 

Term 

Group 

Term Name 

Grouping 

Terms 

5.70x10-23 1340 792 142 GO:0007155 BP 3 Cell Adhesion Adhesion 

4.91x10-22 333 792 64 GO:0030198 BP 81 

   

Extracellular 

Matrix 

Organization 

ECM 

5.32x10-17 532 792 74 GO:0031012 CC 10 Extracellular Matrix ECM 

2.05x10-15 367 792 58 GO:0005578 CC 10 

     

 Proteinaceous 

Extracellular Matrix 

ECM 

6.72x10-15 4165 792 275 GO:0044421 CC 10 Extracellular Region Part Extracellular 

6.13x10-13 2790 792 200 GO:1903561 CC 10 Extracellular Vesicle Extracellular 

6.85x10-13 4244 792 272 GO:0031982 CC 10 Vesicle Vesicle 

1.10x10-12 662 792 76 GO:0030155 BP 3 

Regulation of Cell 

Adhesion 

Adhesion 

1.24x10-12 1010 792 99 GO:0072359 BP 3   
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Circulatory 

System 

Development 

Development 

- Heart 

1.82x10-12 6079 792 355 GO:0032502 BP 3 Developmental Process 

 

Development 

-General 

4.12x10-12 5663 792 335 GO:0048856 BP 3 

 

Anatomical 

Structure 

Development 

 

Development 

-General 

5.00x10-12 2518 792 183 GO:0009653 BP 3 

Anatomical 

Structure 

Morphogenesis 

Development 

-General 

1.27x10-11 296 485 47 REAC:1474244 rea 18 

Extracellular 

Matrix 

Organization 

ECM 

 

T, number of protein IDs associated with the GO term; Q, number of protein IDs submitted for 

analysis; Q&T, number of IDs in the submitted list, associated with the GO term. 

Term type refers to ontology domains as follows: BP, GO Biological Process; CC, GO Cellular 

Component; MF, GO Molecular Function; rea, Reactome pathway. 
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Term group describes the GO hierarchy, high numbers are equivalent to leaf nodes and low 

numbers are parent terms. 
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Table A.4 

Most significantly enriched KEGG pathways identified by WebGestalt [4]. 

C, Number of reference genes in the category; O, Number of genes in the gene set also in the 

category; E, Expected number in the category; R, Ratio of enrichment; FDR, False discovery 

rate. 

 

 

 

KEGG Pathway C O E R P Value FDR 

Protein digestion and absorption  90 16 4.45 3.60 6.78x10-6 1.39x10-3 

ECM-receptor interaction 82 15 4.05 3.70 9.17x10-6 1.39x10-3 

Focal adhesion  203 24 10.04 2.39 5.67x10-5 5.73x10-3 

AGE-RAGE signaling pathway in diabetic 

complications  

101 15 4.99 3.00 1.16x10-4 8.8x10-3 

Parkinson's disease  142 18 7.02 2.56 2.01x10-4 1.22x10-2 

Alzheimer's disease  171 20 8.45 2.37 2.72x10-4 1.38x10-2 

Huntington's disease  193 21 9.54 2.20 5.2x10-4 2.26x10-2 

PI3K-Akt signaling pathway  341 31 16.86 1.84 6.77x10-4 2.55x10-2 

Cell adhesion molecules (CAMs)  145 17 7.17 2.37 7.56x10-4 2.55x10-2 

Non-alcoholic fatty liver disease (NAFLD) 151 17 7.46 2.28 1.19x10-3 3.63x10-2 
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