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ABSTRACT 

 

Heart failure is a growing clinical problem, and inherited cardiomyopathies contribute significantly to heart 

failure. Among the many genes associated with inherited cardiomyopathies, mutations in FLNC, the gene 

encoding the cytoskeletal protein filamin C, associate with a range of cardiomyopathy and increased risk 

for arrhythmia and sudden cardiac death in patients. Filamin C consists of three distinct domains: an 

actin-binding domain (ABD), a rod domain (RD), and a dimerization domain (DD).  As a cytoskeletal 

protein, filamin C plays an important role in maintaining the structural integrity of the sarcomere in cardiac 

and skeletal muscle. Filamin C localizes at the Z-disk, an anchoring site for both titin and actin, and also 

at the sarcolemma. Proteostasis in an essential cellular process to maintain healthy protein quality 

control. Bcl-2-associated athanogene 3 (BAG3) mediates the autophagy pathway through its interaction 

with several heat shock factor proteins as a mechanism for proteostasis.  However, it is not known what 

role the BAG3/filamin C interaction plays in the etiology of FLNC-linked DCM and arrhythmogenesis. I 

created novel physiological cell lines from patients with mutated FLNC and cardiomyopathy as well as 

gene edited FLNC isogenic cell lines. These induced pluripotent stem cell lines were differentiated to 

cardiomyocytes to directly measure the effect of loss of Filamin C on phenotypic expression. Proteotoxic 

and mechanical stressors were applied, and electrophysiological properties were measured to model the 

physiological responses of stressed cardiomyocytes in vitro. These studies showed that filamin C was 

required for a normal response to proteotoxic stress, and that in the absence of filamin C, cellular 

surrogate markers for arrhythmia were increased. This study contributes to the definition of clinical and 

molecular findings associated with mutation in FLNC. 
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I. Prologue   

Cardiovascular disease (CVD) is a leading cause of death worldwide. Cardiomyopathies are defined as a 

heterogenous group of diseases that result in electrical and/or mechanical dysfunction within the 

myocardium, the muscular tissue of the heart, and can eventually lead to progressive heart failure and 

sudden cardiac death (SCD) (1). In the cardiomyopathies, cardiac structural and functional abnormalities 

are characterized by clinical phenotypes. There are distinct forms of cardiomyopathy defined by the 

appearance of the heart. These forms include dilated cardiomyopathy (DCM), hypertrophic 

cardiomyopathy (HCM), arrhythmogenic cardiomyopathy (ACM), and restrictive cardiomyopathy (RCM). 

Many forms of cardiomyopathy arise from genetic mutations, which are mostly but not exclusively 

inherited in an autosomal dominant manner. Genetic cardiomyopathy can affect both the ventricle and 

atria, and the associated arrhythmias can also affect the atria and ventricles with variable expressivity. 

 

Due to the heterogeneity and complexity of cardiomyopathy, understanding the genotype-phenotype 

relationship is useful to provide prognostic information and guide treatment. The genotype-phenotype 

relationship is important for predicting clinical outcomes (2). In a study evaluating 281 patients with 

pathogenic or likely pathogenic DCM, genotype classification was more predictive of SCD and major 

ventricular arrhythmias after adjusting for age and sex (3). Genotype is a substantial predictor of clinical 

outcomes and a compass for developing strategic treatment methods. Among the clinical symptoms 

associated with cardiomyopathy, early-onset atrial fibrillation, conduction system disease, and early 

ventricular contractions can be part of the clinical picture (4). Improved understanding of genotype and 

phenotype correlations can also provide mechanistic clues to how specific mutations cause 

cardiomyopathy.  

 

II. DCM and HCM- Clinical Phenotypes 

DCM is a common form of cardiomyopathy affecting both adults and children. Characterized by the 

thinning and dilation of the left ventricle (LV), DCM is often associated with reduced left ventricular 

contractility (Figure 1.1). Additional DCM criteria specify the degree of left ventricular dilation indexed to 

body mass, the degree of systolic dysfunction, and left ventricular ejection fraction (LVEF) <40%, and 
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DCM contributes to 60% of cardiomyopathy cases (5, 6). DCM can arise from ischemic, toxic, or genetic 

insult, and multiple etiologies can be present in the same patient. Genetic DCM, which primarily presents 

with an autosomal dominant pattern and has variable expressivity and penetrance (7). Approximately 1:6 

patients with variants in DCM genes presented with clinical features related to a DCM genotype  (7, 8). 

DCM frequently overlaps with heart failure with reduced ejection fraction (HFrEF), and these conditions 

are treated by guideline directed medical therapy which relies on multiple medications. Genetic diagnoses 

can help predict clinical course and arrhythmia risk. With increased genetic definition, it is hoped that 

gene-based treatments will reach the heart of the problem.  

 

HCM is defined as the thickening of the left ventricle with impaired filling and relaxation. It is seen in 1:500 

people and is a heterogenous disease that can be attributed to both genetic and environmental effects 

(9). Similarly to DCM, genetic HCM is often inherited in an autosomal dominant pattern (10). Patients with 

HCM often have a history of arrhythmia, including atrial fibrillation, with an increased stroke rate and 

potential progression to heart failure; in HCM the heart often displays hyperdynamic contraction and 

impaired relaxation of the heart (11). HCM is associated with at least 18 genes, and genetic mutations 

within the sarcomere are correlated with an increase in heart failure (11). Along with an 

electrocardiography, which is a non-invasive test that records electrical activity in the heart to identify 

abnormal function, cardiac imaging including both MRI and echocardiography are used to diagnose HCM. 

Genetic testing is also used to stratify the type of HCM and to identify at-risk family members (12). More 

specifically, cardiac magnetic resonance imaging can also identify features of HCM cases like scarring in 

the myocardium, which is not as easily seen by echocardiography (13). HCM affects both men and 

women and can present in all age groups. HCM is divided into “sarcomeric HCM”, indicating a mutation in 

a sarcomere gene, and “non-sarcomeric” HCM. The Sarcomeric Human Cardiomyopathy Registry 

(SHaRe) is one of the largest cohort assessments of HCM patients consisting of >24,000 patient-years. In 

this registry, younger patients with sarcomere mutations were more at-risk for atrial fibrillation and heart 

failure, which became more prevalent with increasing age (14). These symptoms are consequential 

effects of disrupted cardiac remodeling that exacerbate as the patient gets older. The SHaRe study 

further validates the lifetime burden of HCM disease and suggests that early treatments that target 
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cardiac remodeling could slow progression of disease. Understanding the genetic context underlying 

HCM is critical because it identifies potential targets for genetically-directed treatments.  

 

III. Genetic Landscape of DCM and HCM 

There are more than 250 genes associated with DCM (15). Encoded by the TTN gene, a single titin 

molecule spans half the length of the sarcomeric protein, and titin provides structural support for the adult 

heart. Titin’s extensible region exerts a passive force as the sarcomere lengthens (16). TTN truncating 

mutations account for 20-25% of familial cases of DCM (17). This protein is responsible for maintaining 

sarcomere structure and healthy cardiac muscle function. Truncating TTN mutations have been shown to 

associate with arrhythmia and heart failure in DCM patients (18). RBM20 encodes RNA binding motif 

protein 20 and is another gene associated with DCM. RBM20 mutations account for 3% of DCM cases 

and the RBM20 protein regulates the splicing of many developmentally regulated genes in the heart (19, 

20). RBM20-associated DCM has an earlier onset than DCM caused by mutations in TTN (20). Mutations 

in RBM20 affect the splicing of other cardiac genes, especially TTN, and trigger adverse events within 

DCM. Deletion of Rbm20 in mice upregulated compliant titin and reduced diastolic chamber stiffness (21). 

TTN and Rbm20 are therapeutic targets to restore cardiac function and improve clinical outcomes in 

these genetic forms of cardiomyopathy. 

 

The LMNA gene encodes for lamin A/C and is involved in 5-10% of familial DCM cases, and mutations in 

the gene often present in patients from ages 30-40 years old, with greater prevalence at a younger age in 

males than females (22, 23). LMNA-associated DCM presents with a history of arrhythmia, systolic 

dysfunction, and impaired calcium signaling. Defects in calcium signaling further disrupt homeostasis and 

impair the heart’s functionality. Many signaling pathways are involved in diseases caused by LMNA 

mutations, otherwise known as laminopathies. Mammalian target of rapamycin (mTOR) was one of the 

several genes identified as a key regulator in Lmna-deficient mice, which displayed cardiac dysfunction 

and defective autophagy (24, 25). The mTOR pathway regulates physiological and pathological 

responses in many settings including the heart. Additionally, mTOR complex 1 was shown to be 

hyperactivated with loss of Lmna in cardiac muscle of mice while aggregates were reduced and 
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autophagy was restored following rapamycin treatment (25). Another pathway affected by Lmna 

mutations is the mitogen-activated protein kinase (MAPK) pathway. In mice with mutated Lmna, the 

MAPK pathway was activated due to increased phosphorylation of kinases ERK1/2 and JNK as 

compared to control (26). The activation of the MAPK pathway when Lmna is reduced highlights this 

important downstream pathway in heart function. Interestingly, DCM caused by mutations in LMNA is 

caused by activation of other several signaling pathways, including the PDGF pathway, which plays a role 

in modulating cardiac fibrosis during heart failure (23, 27). Cellular modeling has been used to study 

these signaling pathways with attempts to restore functionality and identify novel pathways for potentially 

treating DCM. Furthermore, understanding the impact of LMNA haploinsufficiency on clinical phenotype 

will potentially enable gene therapy to restore the full lamin A/C content.  

 

The MYH7 gene encodes alpha myosin heavy chain 7 (aMyHC) and MYBPC3 encodes cardiac myosin 

binding protein C (cMyBP-C).  MYH7 and MYBPC3 are the most commonly mutated genes in patients 

with HCM. MYH7 and MYBPC3 account for nearly 50% of HCM cases (28). MYH7 maps to chromosome 

14 where it sits next to MYH6. Sarcomere modulators have been developed to inhibit aspects of myosin-

mediated contractility (29). Sarcomere modulators have been developed that increase contractility 

(omecamtiv mecarbil) and decrease contractility (mavacamten). Mavacamten was FDA approved to treat 

obstructive HCM in 2022. However, not all HCM is associated with increased sarcomere function.  For 

example, the HCM-associated MYH7 mutation R712L was found to have impaired motility and stroke 

work in purified protein assays, and omecamtiv mecarbil was shown to rescue the defective working 

stroke in (30).  Omecamtiv mecarbil improves cardiac muscle function by selectively binding to myosin 

and increasing its ability to initiate a power stroke at the beginning of systole (30, 31). In contrast, 

mavacamten inhibits myosin by decreasing contractility and myosin ATPase activity (32). Omecamtiv 

mecarbil activates myosin and increases force of contraction by sensitizing myofilaments to Ca2+ (33). 

Contrarily, mavacamten inhibits myosin and reduces force of contraction by desensitizing myofilaments to 

Ca2+ (33). Thus, small molecules can act in opposing directions to shift sarcomere and heart function.  
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MYBPC3 is located on chromosome 11 and its encoded protein, cMyBP-C, binds to both myosin heavy 

chain and titin (34). Human hearts with MYBPC3 truncations show reduced cMyBP-C protein. However, 

mice engineered with an Mybpc3 truncation have not shown hypertrophy, highlighting that mice are 

imperfect model for this human genetic disease. Typically in mice, additional stressors or a deletion of 

both copies of Mybpc3 are needed to result in cardiac dysfunction, and mice lacking Mybpc3 

homozygously develop DCM not HCM (35). MYBPC3 is an important genetic target in patients with 

cardiomyopathy.  

 

Understanding the dynamic differences within the genetic landscape of DCM and HCM is important for 

deciphering innovative mechanisms that can potentially lead to novel clinical treatments. Over the lifetime 

in individuals with genetic mutation, the heart can functionally decline over time, and the patient can 

progress to having heart failure. In the genetic cardiomyopathies, what causes the heart to develop 

altered function and when is not well understood.  Additional stressors like untreated high blood pressure 

or coronary artery disease can cause heart failure to manifest sooner. Additionally, sex differences can 

contribute, where generally males are more likely to manifest with symptomatic cardiomyopathy. Why the 

male heart is more affected is not known but direct hormone levels, gene expression, and heart 

physiology can all impact clinical outcomes (36, 37). These genetic differences lead to differences in 

clinical presentations in males and females.  
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Figure 1.1. Types of cardiomyopathy and physiological characteristics in remodeling. Maintaining 
cell signaling, sarcomere structure and electrophysiological properties are essential to proper functioning 
of the heart. DCM is the thinning and widening of the ventricles causing the heart and is associated with 
increased volume within the heart chamber. HCM is the thickening of the myocardium, the heart muscle. 
Both DCM and HCM can limit cardiac output and have associated arrhythmias or even sudden cardiac 
death (SCD).  Cardiomyopathic hearts can have impaired action potentials. Image created in Biorender. 
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IV. Filamin Family of Proteins 

Filamins are a class of proteins that bind the actin cytoskeleton. The actin cytoskeleton is a dynamic 

network of proteins that regulates cell migration and motility, cell division, protein tracking and signal 

transduction and rearranges through cues in the microenvironment (38). Filamins are composed of two 

calponin homology domains in the actin binding domain (ABD) at the N-terminus, rod domain (RD) with 2 

hinge regions, and the dimerization domain (DD) at the C-terminus (39). The ABD regulates the binding 

to actin filaments within the cytoskeleton (40). The RD modulates the changes in filamin conformation 

through its mechanochemical properties (38). Forces of 25-100 pN applied to the RD can promote 

unfolding and flexibility within the Ig-domains while the ABD at the N-terminus and DD at the C-terminus 

become stiffer. Due to the dynamic nature of the cytoskeleton, filamin is able to respond to different 

forces within this network through its RD. The DD is important for the crosslinking of actin at the C-

terminus (41). The filamin family consists of filamin A, filamin B and filamin C (Figure 1.2). These proteins 

are necessary for mediating structure and function within the actin filament. 

 

The FLNA gene encodes the protein filamin A, and filamin A is composed of 2,647 amino acids, 48 

exons, 24 immunoglobin (Ig) repeats.  The FLNA gene is located on chromosome X, and the FLNA gene 

is highly enriched in smooth muscle-containing structures. During embryogenesis, filamin A is responsible 

for cell adhesion, cell migration, mechanical sensing, and cell signaling (42). Filamin A aids in cell 

adhesion, a process that happens following cellular interactions with extracellular matrix proteins, such as 

laminin, collagen, and fibronectin, and that is important for organ development and wound healing (43). 

Filamin A is localized at the intersection of stress fibers and isotropic actin filaments, regions that solely 

contain actin thin filaments, and a loss of filamin A results in more isolated and less interconnected stress 

fibers (44, 45). The absence of filamin A caused impaired initiation of motility and spreading, both of 

which were restored after restoring full-length filamin A (45). Filamin A impact cardiac function because it 

is highly expressed in vessels. When subjected to myocardial infarction, Flna-deficient mice displayed 

larger hearts, impaired biogenesis of blood cells, bigger scar areas, and reduced serum levels of secreted 

VEGF-A (46). In humans FLNA loss of function mutations can cause a range of vascular defects, 

including enlarged pulmonary arteries and dilatation of the thoracic and abdominal aorta (47). 
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Furthermore, the loss of functional Flna in mice resulted in cardiac and developmental defects, such as 

ventricular septal defects, and these features were seen in males leading to lethality, and skeletal 

abnormalities (48). Over 90 proteins have been shown to bind to filamin A during cellular signaling 

processes (49). Filamin A is highly enriched in vascular smooth muscle, and this expression impacts 

many developmental process (50, 51). As a key regulator of cell motility and signaling in different 

pathways, filamin A is an important regulator of vascular smooth muscle function.  

 

Filamin B, encoded by the gene FLNB, is another filamin isoform that is widely expressed. The FLNB 

gene is located on chromosome 3, and the filamin B protein consists of 2,602 amino acids, 26 exons, and 

contains 24 Ig-like repeats. This isoform is important for skeletal development and regulates 

angiogenesis, muscle differentiation, and fibroblast motility (52). During myogenesis, Flnb variants 

encoding filamin B lacking the hinge 1 region localized to actin stress fibers produced fewer myotubes as 

compared to the control (53). Mutations in FLNB have been linked to several musculoskeletal disorders, 

such as Larsen syndrome, an autosomal dominant developmental disorder that affects bone development 

and muscle structure. Whole genome sequencing of patients with Larsen syndrome identified the FLNB 

missense mutations, p.Thr1616Ala and p.Ile2341R (54). These patients had bony skeletal abnormalities, 

and these variants differentially affected skeletal development. Flnb-/- mice die during embryonic 

development, and fibroblasts from these mice showed disorganized actin filaments, impaired cell motility, 

and hindered microvasculature and skeletal development (55). Although no filamin B protein was 

detected in these mice, this mutation if it were to produce protein would result in the termination of critical 

domains and interaction sites necessary for sustaining filamin structure and function. The rod domain is 

important for modulating conformational changes when filamins are  exposed to forces within the 

cytoskeleton. When truncated at the ABD, homozygous Flnb mice also displayed stunted growth, delayed 

endochondral bone development and differentiation, and increased cell death before eventual demise 

(56), underscoring the importance of having filamin B protein.  

 

Filamin C, encoded by the gene FLNC, is a filamin isoform important for cellular structure and function 

within heart and skeletal muscle. Unlike FLNA and FLNB, FLNC expression is enriched in skeletal and 
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cardiac muscle. The filamin C protein contains 2,725 amino acids and 24 Ig-like domains. One of the 

features of filamin C that distinguishes it from filamin A and filamin B is its longer Ig-like domain 20, 

caused by an insertion of 82 amino acids (57). Ig-like domain 20 is the site of interactions with muscle 

proteins like Xin-repeat protein and XIRP2, which is important for actin cytoskeleton remodeling and 

sarcomere assembly (58, 59). Filamin C is predominately found at the Z-disk, but the protein is also 

present at the plasma membrane, intercalated discs and costameres (59). Filamin C interacts with many 

cytoskeleton proteins. Specifically, filamin C interacts with the dystrophin-glycoprotein complex (DGC). 

The DGC is made up of dystrophin, dystroglycan, sarcoglycan and syntrophin, and this complex 

modulates signal transduction while also providing structural support to the muscle by its linking the 

extracellular matrix to the actin cytoskeleton (60). Genetic mutations in gene encoding DGC proteins 

cause disorders, such as Duchenne Muscular Dystrophy (DMD) and Limb Girdle Muscular Dystrophies 

(61, 62). Thus, filamin C contributes to the maintain structural support of the cytoskeleton and the 

sarcolemma of muscle, as it is present in heart and skeletal muscle.  
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Figure 1.2. Structure of filamin isoforms. The filamin family of proteins consists of filamin A, B, and C, 
all of which are involved in dynamic shaping and maintaining the structure of the cytoskeleton. All of these 
isoforms contain an actin-binding domain at the N-terminus, a rod domain separated by two hinge 
regions, and a dimerization domain at the C-terminus. Filamins include 24 Ig-like domains encoded by 48 
exons. Filamins A and B are broadly expressed but are highly expressed in smooth muscle. Filamin C 
expression is enriched in cardiac and skeletal muscle. Filamin C has a longer Ig-like domain 20, which is 
an important site for interactions with other proteins, such as Xin and XIRP2.  
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V. FLNC Mutations in Skeletal and Cardiac Muscle Disease 

FLNC encodes the protein Filamin C and is located on chromosome 7q32.1, and mutations in FLNC were 

first described in patients with myofibrillar myopathy (MFM) (63, 64).  MFM is characterized by 

progressive muscle weakness and intracellular protein aggregates. In normal striated muscle, filamin C 

protein is predominately located at the Z-disk of the sarcomere and is also found at the plasma 

membrane (65, 66). Filamin C also interacts with additional cytoskeletal proteins, such as desmin (DES) 

and BAG3 (67, 68). Filamin C helps maintain structural integrity and proper signaling within the skeletal 

muscle. The intracellular protein aggregates that develop in MFM include filamin C, as well as other 

interacting proteins like desmin (68). FLNC mutations have also been described linked to multiple forms 

of cardiomyopathy (69, 70).  FLNC mutations account for 3-4% of cases of DCM (71). FLNC mutations 

have been described along the length of the FLNC transcript (63, 72-74). Missense and nonsense FLNC 

mutations may have different mechanisms of causing cardiomyopathy. Unlike nonsense mutations, 

missense mutations in FLNC more likely cause the formation sarcomeric aggregates, disrupt filamin C 

structure and functionality (75, 76). Aggregate formation, due to misfolding of many proteins including 

filamin C, can induce the autophagy response to remove these misfolded proteins. With FLNC missense 

mutations, the expression of proteins that regulate the autophagy process was increased, but with these 

missense mutation it is thought that the autophagy is inefficient causing MFM (77). Missense variants in 

FLNC associated with HCM are mainly located in the rod domain, which is important for regulating the 

dynamic structure of filamin C and its ability to respond to external forces within the cytoskeleton. 

However, aggregates have not been readily observed with FLNC mutations (78). The distinctive increase 

of aggregates in FLNC missense mutations as compared to FLNC nonsense mutations may highlight a 

distinctive mechanism of inducing cardiac dysfunction, and the approaches towards treating these 

aggregates may differ from the molecular consequences filamin C is heterozygously truncated or 

homozygously completely lost.  

 

To date, FLNC mutations that affect the filamin C dimerization domain have been best studied. One of the 

first MFM FLNC mutations that was described was the FLNC mutation, p.Trp2710X, a nonsense mutation 

which truncates the terminal 16 exons in Ig-like domain 24 (63).  This mutation was reported in a German 
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family including 17 men and women affected with MFM and an age of onset between 37-52 years old. 

These patients presented with progressive skeletal muscle weakness associated with limb-girdle 

muscular dystrophy (LGMD), moderately elevated levels of serine creatine kinase (CK), a marker for 

muscle damage, respiratory complications, and peripheral neuropathy (63). The position of this variant in 

the last two exons of FLNC is thought to explain why this variant escaped NMD. Histological examination 

of skeletal muscle biopsies from these patients showed abnormal and necrotic muscle fibers and also 

showed aggregates containing desmin and filamin C proteins. Z-disk streaming was also identified. 

Another study examined 31 patients ages 24-57 years old across four families, including the family 

previously mentioned (63). These patients displayed LGMD-related progressive muscle weakness, 

respiratory muscle weakness and impaired myofibrillar alignment (64). A subset of these patients showed 

cardiac findings with cardiac conduction defects, tachycardia, diastolic dysfunction, and left ventricular 

hypertrophy. Additionally, immunofluorescence microscopy detected protein aggregates containing other 

cytoskeleton proteins, such as desmin, myotilin, Xin, dystrophin, and sarcoglycans (64). 

 

A 37-year-old male was described with the FLNC p.Val2375Ile missense variant in Ig-like domain 21 in 

the rod domain, and this individual had MFM with atrophied muscles in upper and lower extremities, 

progressive muscle weakness of his hands and reduced grip strength (79). He also had chronic 

denervation, impaired motility, and signs of lower motor neuron syndrome, which results in damaged 

motor neurons and muscle weakness.  The etiology of the neuropathy symptoms is not known.  

 

FLNC variants have been described in HCM patients.  One of the first reports was a 53-year-old woman 

with FLNC p.Ala1539Thr missense mutation and a history of HCM and SCD. She presented after 

developing atrial fibrillation, and cardiac magnetic resonance imaging showed fibrosis in the apex, 

septum, and anterior wall, seen as late gadolinium enhancement (75). Histology of skeletal muscle 

biopsies from HCM patients and additional samples with the FLNC p.Ala1539Thr variant revealed 

sarcomeric aggregates, myofibrillar disarray, structural irregularities in the Z-band, and fibrosis. 

Additionally, 34% (n=26) of the affected patients with FLNC mutations p.Val123Ala, p.His2315Asp, 
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p.Ala2430Val showed an increase in serum CK as compared to healthy controls (75). Other members of 

her family who carried the p.Ala1539Thr variant also developed heart failure and died.   

 

FLNC mutations have also been described in the filamin C rod domain (77, 80). A 23-year-old male with 

HCM was shown to have the FLNC p.Ala2430Val missense variant which maps to the rod domain of the 

filamin C protein. This patient had a systolic heart murmur at the 1 month age of diagnosis and displayed 

obstruction in his left ventricular tract, limiting blood flow out of the left ventricle, and increased levels of 

brain natriuretic peptide (BNP), a biomarker for heart failure (80). 

 

Although most FLNC pathogenic variants have been described in autosomal dominant myopathy and/or 

cardiomyopathy, two brothers with hypotonia and DCM were described with likely recessive inheritance.  

When the second brother was diagnosed with similar findings to the first, whole genome sequencing was 

used to identify biallelic variants in FLNC (81). The FLNC p.Phe106Leu variant was maternally inherited, 

and this missense variant falls in the actin-binding domain (ABD) of the N-terminus.  The second FLNC 

allele, Arg991X mutation, was paternally inherited and this truncating variant leading was predicted to 

lead to nonsense-mediated decay (NMD) of the mRNA (81). Histology on the explanted heart revealed 

myofibrillar disarray, reduced and ruptured myofibrils, irregular morphology, protein aggregates and 

vacuoles.  

 

ClinVar is a public database that includes information from clinical genetic testing labs along with 

literature reports on genetic variation.  Shown below is a depiction of a subset of FLNC variants reported 

in ClinVar as of May 2023 (Figure 1.3).   
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Figure 1.3. ClinVar reported FLNC mutations and clinical diagnoses. FLNC variants have been 
described in multiple cardiomyopathies. ClinVar is a public archive of reports of clinically important human 
variation, which derive from clinical genetic testing labs and literature aggregation. This ClinVar report 
was downloaded on May 1, 2023 
[https://www.ncbi.nlm.nih.gov/clinvar/?term=FLNC%5Bgene%5D&redir=gene].  
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VI. Models of Filamin C 

The role of filamin C in maintaining the structural integrity of the sarcomere has been evaluated using 

different models from animals to cells. The role of filamin C was tested in zebrafish using a knock down 

approach (82). Targeted antisense morpholino oligonucleotides were used to create a truncation in exon 

30 of flncb, a FLNC ortholog. The flncb knocked-down fish had impaired slow muscle fibers and 

intracellular aggregates of myosin, both of which are physiologically relevant to human cases of MFM. 

The combined knockdown of flnca and flncb caused defects in both the slow and fast muscle fibers and 

created desmin aggregates. Flnc mutations representing DCM have also been generated in zebrafish. 

Morpholino oligonucleotides were used to knockdown flncb in exon 43, truncating the terminal 116 

nucleotides (83). These flncb knockdown zebrafish models had reduced survival and a range of cardiac 

findings including abnormal contractility, ventricular collapse, enlarged atrium, abnormal blood flow, 

and/or reduced heart looping. Additionally, these truncating variants showed significantly elevated reserve 

flow fraction and decreased heart rate, and a slight decrease in stroke volume and cardiac output as 

compared to the uninjected control.  These models show that reducing filamin C content is physiologically 

relevant to muscle and heart structure and development.  

 

Mouse models have also been used to evaluate FLNC and its role in disease. The mouse Flnc variant 

p.W2711X (p.W2710X in humans) was generated to study MFM.  This variant deletes the terminal 16 

amino acids and was created by homologous recombination, resulting in a myopathic phenotype seen as 

increased fibrosis, centrally-placed myonuclei, and small and degenerating myofibers (67, 84). This Flnc 

variant also resulted in increased muscle damage accompanied by increased protein expression of Xin, a 

marker for muscle damage. Filamin C was mislocalized from the Z-disk to the lesions and myotendinous 

junctions compared to the wild-type control. Macrolesions with impaired sarcomeric structure were found 

in Flnc W2711X mice similar to the clinical pathology of MFM patients. A different Flnc mouse model was 

created by replacing the terminal eight exons of the mouse Flnc gene with a neomycin resistance gene, 

therefore terminating the terminal eight exons (85). These Flnc mice in the homozygous state showed 

reduced filamin C protein and early lethality with decreased muscle mass and abnormally low myofiber 

count resulting from deficient myofiber formation and differentiation. Additionally, immunofluorescence 
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microscopy showed disorganized sarcomeres in the homozygous Flnc muscle. This mouse model 

showed that complete reduction of filamin C protein impairs muscle development indicating that filamin C 

is an important factor for proper muscle development and sarcomere formation.  

 

Because of the early lethality in the homozygous Flnc mice lacking the last 8 exons of the gene, a 

cardiac-specific inducible knockout (icKO) mouse model was created to delete exons 9-13 by crossing 

Flnc-floxed mice with aMHC-MerCreMer mice followed by tamoxifen exposure (TAM) at 2 months (86). 

Fibrosis was increased in Flnc-icKO hearts 6 weeks after TAM exposure along with increased expression 

of the profibrotic genes, Col1a1 and Col3a1. Additionally, icKO Flnc mice had increased levels of cardiac 

stress makers such as Nppa, Nppb, and Myh7. The icKO mice developed reduced cardiac contractility 

although calcium signaling was unaffected (87). These icKO hearts also had misaligned Z-disks within 

their sarcomeres and reduced peak twitch tension. At the subcellular level, filamin C governs not only 

sarcomere structure but also its contractile force which determines its functionality. The icKO hearts 

demonstrate the importance of filamin C’s role in the mature myocardium and provide evidence for the 

concept that reducing filamin C protein causes DCM.   

 

Induced-pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) or human embryonic stem cell- derived 

cardiomyocytes (hESC-CMs) also provide a cellular model for human cardiac diseases, including FLNC 

mutations. The FLNC variant p.V2297M was shown to heterozygously associate with restrictive 

cardiomyopathy (88). To evaluate this variant, gene editing was used to make FLNC p.V2297M 

homozygously using CRISPR-Cas9 and homology directed repair.  A single guide RNA (sgRNA) was 

used to target exon 41 which encodes a portion of the filamin C rod domain in human embryonic stem 

cells that, once edited, were then differentiated into cardiomyocytes (88). Reduced fractional shortening 

was observed in the homozygous p.V2297M ESC-CMs consistent with impaired contractility. Other 

pathogenic FLNC variants were also generated using patient-derived iPSC-CMs as a model for DCM. 

iPSC-CMs from patients with FLNC p.Gly1891fs61X or FLNC p.Glu2189X were each generated and then 

differentiated into IPSC-CMs (89). DCM patients with the p.1891fs61X mutation presented with 

polymorphic sustained ventricular tachycardia, paroxysmal atrial fibrillation, and reduced left ventricular 
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systolic function while patients with arrhythmogenic right ventricular cardiomyopathy showed 

nonsustained ventricular tachycardia (NSVT) with left bundle branch block morphology and ventricular 

extrasystoles (83, 90). These iPSC-CMs had reduced contractility and increased variability in beating rate 

compared to the healthy control. FLNC p.Gly1891fs61X or FLNC p.Glu2189X iPSC-CMs each showed an 

increase in proarrhythmic cells, as shown by large variations in beat rate and abnormal action potential 

indicated by delayed afterdepolarizations, supporting a similar clinical phenotype in patients with 

arrhythmogenic cardiomyopathy. When treated with the platelet-derived growth factor receptor alpha 

(PDGFRA) inhibitor, crenolanib, contractility was improved, showing that inhibiting PDGFRA could be a 

mechanism for treating cardiomyopathies caused by FLNC mutations. The findings from FLNC truncating 

variants in iPSC-CMs are consistent with partial loss-of-function and reduction in filamin C protein. 

Modeling FLNC mutations in iPSC-CMs provides further insight on novel mechanisms that contribute to 

the cardiomyopathy process and potentially point to new therapeutic possibilities.  

  

VII. Mechanical Injury and Chemical Stress in Striated Muscle  

Within the actin cytoskeleton, proteins respond to mechanosensory signals and stressors in the 

sarcomere. Filamin C is a key protein related to the striated muscle injury and repair. Using neonatal 

mouse cardiomyocytes, which do not have the mature shape of adult cardiomyocytes, laser-induced 

microdamage was used to better understand to monitor filamin C dynamics during the injury process (57). 

In these studies, GFP-filamin C and RFP-a-actinin were overexpressed in mouse neonatal 

cardiomyocytes and then cells were subjected to laser injury. With cellular injury, filamin C was 

immediately recruited to the site of injury (57). This indicates that filamin C is an early mediator of 

myofibrillar remodeling. a-actinin was also recruited to the site of damage within 2-10 minutes. Thus, 

filamin C and a-actinin are both indicators for early myofibrillar damage repair, and they may potentially 

interact at these injured sites. Filamin C has also been shown to be a part of the repair signature in 

muscle (91).  After mouse myofibers and human muscle fibers were subjected to eccentric exercise-

induced injury, filamin C expression was enriched in damaged sites 5 and 24 hours within mouse 

myofibers and human muscle fibers post exercise, with aggregates formation present in at 24 hours (91). 

These data demonstrate that after injury, filamin C is recruited rapidly to injury sites where it participates 
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in sarcomere rebuilding. The interaction of filamin C with Xin and XIRP2 was measured in mice using 

fluorescence recovery after photobleaching, a technique used to quantify the kinetics of how proteins 

diffuse through cells. Xin and XIRP2- deficient cells showed longer filamin C half-lives at the Z-disk (57). 

Xin and XIRP2 colocalize with filamin C within protein aggregates and injured regions of FLNC p.W2710X 

human muscle fibers (67). The dynamic protein complex of filamin C and other cytoskeletal proteins 

contributes to the molecular machinery for muscle repair at injured areas.  

 

Additional evidence for filamin C’s role was seen in the myogenic C2C12 cell line. In C2C12 myotubes 

that transiently expressed filamin C fused to GFP, Z-disk streaming was seen after injury in a model 

where injury was induced with electrical pulse stimulation meant to simulate exercise in vitro (92). These 

damaged myotubes also showed evidence of lesion formation visualized by spinning disk confocal 

microscopy. Shorten sarcomeres were also seen in filamin C-EGFP transfected myotubes. This data 

suggests that filamin C is an important mediator of cellular damage and repair.  

 

Mechanical force also drives the unfolding of filamin isoforms. Using purified protein, Filamin A was 

shown to gradually unfold between Ig-like domain pairs 20 and 21 in the rod domain in a force-dependent 

manner in a cell-free system (93). Using a single molecule competition assay, it was shows that 

increasing force also increased the affinity of the GPIba peptide for its binding to FLNa20-21 and 

associated with conformational changes within this region of the rod domain. The binding probability of 

GPIba increased with higher loads, causing filamin A to adopt an open conformation. Thus, force dictates 

the opening and closing of filamin A, and this interaction shifts the interaction between the filamin A and 

the cytoskeleton. The impact of mechanical force on filamin C is less well studied. The distinct and larger 

size of Ig-like domain 20 in filamin C, which is the region that facilitates interaction with other cytoskeleton 

proteins, may mean filamin C has a greater role in maintaining structure and stability within the 

sarcomere. One of the main proteins involved in muscle regeneration and autophagy is mammalian target 

of rapamycin complex 1 (mTORC1) (94). mTORC1 is a part of an mTOR family of proteins that regulate 

anabolism and catabolism within damaged skeletal muscle (95, 96). BAG3, a cytoskeletal protein and 

molecular co-chaperone, in tandem with mTORC1 is regulated by the TSC complex and binds to 
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mechanically unfolded filamin A (97). BAG3 is located at the Z-disk along with filamin C, and so this 

arrangement could point to a link of mTORC1 helping to modulate the unfolding of filamin isoform under 

mechanical stress as well.  

 

VIII. Autophagy Mechanisms and Protein Quality Control in the heart 

Proteostasis in the heart is critical for healthy functioning of the heart. Cardiac remodeling is an important 

adaptation to physiological and pathological changes in the heart, and proteostasis is an important aspect 

of cardiac remodeling. Specifically, hemodynamic stress can induce hypertrophic growth as an initial 

response but can transition to pathological growth with systolic and diastolic over time (98). During the 

remodeling process, proteins are turned over to maintain protein quality control (PQC). The perpetual 

synthesis and degradation of proteins is necessary as the body compensates adapts to growth stimuli. 

This process is controlled by the switch between the ubiquitin-proteasome system (UPS) and autophagy 

(Figure 1.4). The autophagy response within cardiomyocytes, with a constricted proximal aorta as a 

model of heart failure, is heightened in response to pressure-overload hemodynamic stress (99). Protein 

misfolding leads to protein aggregation, which induces the autophagic response. In the pressure-

overloaded heart, aggregates accumulate and induce autophagy to remove the misfolded proteins (100). 

Defects in UPS and autophagy both contribute to cardiomyopathy. Furthermore, inhibiting the 

proteasome activates the autophagy response (100, 101). When neonatal rat ventricular myocytes were 

treated with MG132, a proteasome inhibitor, ubiquitin-tagged protein accumulation in the insoluble 

fraction was increased, therefore marking these proteins for autophagic degradation (100). Proteasome 

inhibitors can also induce proteotoxic stress in the heart. Bortezomib, a proteasome inhibitor, can reduced 

contractility in the heart (102). Cardiomyopathy can be triggered by defects in this dynamic proteasome-

autophagy switch in the heart. Understanding the effect of stress on the heart in the context of filamin C is 

important for elucidating its role in causing cardiomyopathy.   
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Figure 1.4. Ubiquitin proteasome system and autophagy degradation of filamin. The switch between 
the ubiquitin proteasome system (UPS) and autophagy is essential for maintaining protein quality control 
in the heart. During the remodeling process, cardiac proteostasis is necessary to control the degradation 
and regeneration of proteins, especially in the sarcomere. Autophagy in the heart is governed by the 
BAG3-mediated chaperone assisted selective autophagy pathway, which shuttles filamin C to the 
lysosome for degradation. Under stress, the heart will resort to either pathway to remove misfolded 
proteins. When either pathway is compromised, the proteins will switch between the two mechanisms. 
Figure created with BioRender.  
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The BAG3-mediated Chaperone-Assisted Selective Autophagy (CASA) pathway regulates autophagy in 

the heart. Z-disk streaming and formation of aggregates expressing filamin C and BAG3 were shown in 

human skeletal muscle following exercise-induced mechanical stress (103). This indicates BAG3’s 

involvement in autophagy through its interaction with filamin C aggregates at the Z-disk. In the heart, the 

CASA pathway works through the close interaction of BAG3 to Filamin C at the Z-disk. Heat shock factor 

proteins (HSPs) are then recruited to form a complex with BAG3 around filamin C, which acts as a 

scaffold. p62 is then recruited and targets these filamentous aggregates for ubiquitin-tagged degradation 

at the lysosome. In BAG3 cardiomyocyte- deleted mice, the interaction of BAG3 with HSP70 was 

compromised and small SHPs, especially HSPB8, were destabilized and protein turnover was disabled 

(104). BAG3 is required for stabilizing its complex with HSPs that modulates proteostasis during 

cardiomyopathy (104). HSP70 has been shown to be important for autophagy through its C-terminus. 

Mice that were deficient for the C-terminal region of HSP70 displayed arrhythmia, increased myocardial 

injury, decreased survival, and impaired autophagic flux (105). HSPB8 (also known as HSP22) is another 

HSP that plays a role in maintaining cardiac function. The absence of HSPB8 in pressure-overloaded 

hearts of mice subjected to transverse aortic constriction results in decreased contractility and triggers 

ventricular remodeling under stress (106). HSPB8 directly interacts with BAG3 and is an important factor 

in the cardiac autophagy process (107). Acting as a link between UPS and autophagy, p62 is upregulated 

in cardiomyocytes and activates autophagy under proteotoxic stress (108, 109). Furthermore, increased 

levels of p62 prevented clearance of substrates for proteasomal degradation after autophagy was 

inhibited in Atg7 cells (110). The CASA pathway is essential for modulating protein quality control in the 

heart and acts as a cardioprotective force under stress. 

IX. Summary 

In order to generate cell models of cardiomyopathy, I focused on FLNC mutations since this gene 

was associated with multiple distinct forms of cardiomyopathy. In addition to cardiomyopathy, 

patients with FLNC mutations have high risk of arrhythmia and sudden cardiac death. Because 

filamin C is important for maintaining sarcomere structure and cell signaling, my studies were aimed 

at defining whether cellular models of FLNC mutations could reflect electrophysiological properties 

similar to what is seen in patients. Furthermore, my studies were aimed at assessing whether there 
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was a link between proteostasis and arrhythmia risk in FLNC mutations. However, the underlying 

mechanisms defining how disruption of FLNC impacts the autophagy response under stress, is not 

well known. Creating clinically relevant models of mutated FLNC-causing cardiomyopathy, 

especially under stress, will allow us to better understand the physiological role of filamin C. I 

hypothesize that reduction of filamin C disrupts normal protein turnover and impairs the 

electrophysiological properties of the cell through disrupted cell signaling, and further hinders the 

ability of the CASA pathway to maintain proteostasis in the heart while under stress. 
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X. Thesis Overview  
 
This section will lay out a summary of the remaining chapters of my thesis. 
 
 
Chapter 2. Creating Models of FLNC Cardiomyopathy 
 
To model FLNC cardiomyopathy, I created induced pluripotent cell (iPSC) lines with heterozygous 

missense and nonsense variants of FLNC. I generated iPSC lines (Phe106Leu, Arg650X/c.970-4A>G, 

Glu2458SerfsX71, and Val2715fs87X) from patients clinically evaluated at Northwestern by isolating cells 

from either a urine or blood sample, reprogramming them into iPSCs using the four factor method, and 

then differentiating these iPSC into cardiomyocytes. To create isogenic FLNC cell lines, I used 

CRISPR/Cas9 to genetically engineer iPSCs using a guide directed to either exon 1 at the N-terminus or 

exon 47 at the C-terminus. This deletion created truncating variants at the actin-binding domain and 

dimerization domain. I validated the genotypes using Sanger sequencing and Amplicon sequencing and 

measuring gene and protein expression. Immunofluorescence microscopy was used to measure 

expression and display deficiencies in sarcomere structure when filamin C was mutated.  

 
Chapter 3. Impact of FLNC Truncations Under Stress 
 
Using the isogenic FLNC cell lines I created with CRISPR/Cas9, I measured the effect of protein 

expression of proteins involved in the CASA pathway while under proteotoxic stress. Bortezomib, a 

proteasome inhibitor, was used at various concentrations to provoke proteotoxic stress by overloading the 

proteasome. To measure how action potential was affected in these FLNC isogenic lines, I used the 

CardioExcyte96 system to measure extracellular field potential across a network of iPSC-CMs. These 

cells were treated with vehicle (0.01% DMSO) or 0.1 µM Bortezomib and these recordings were captured 

over 24 hours.  

 
Chapter 4. Summary  
 
While FLNC is known to play a major role in maintaining sarcomere structure at the Z-disk and cell 

signaling at the membrane, my thesis project has focused on the role of filamin C under cell stress with 

the hypothesis that cell stress may provide triggers for arrhythmias. I used proteotoxic stress to model a 

physiological response within iPSC-CMs, since these cells provide a model in which to study human 

cardiomyopathy.  These data shed light on the clinical relevance of filamin C and why mutations in this 
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gene may be variable in penetrance and expressivity.  Furthermore, my two-pronged approach in creating 

cell lines directly from patient samples and from CRISPR/Cas9 introduces a novel way to understand 

these mechanisms in a more clinically relevant and controlled manner.   
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Chapter 2. 

Creating Models of FLNC mutation 
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I. Overview 

FLNC mutations is one of the many genes associated with cardiomyopathy. Mutations in FLNC are 

distribute along the entire length of the gene including mutations that affect the protein’s N-terminus 

to the C-terminus, and these mutations present with different phenotypic expression. In addition to 

cardiomyopathy, patients with missense and nonsense FLNC mutations have increased risks for 

arrhythmias and sudden cardiac death. While FLNC mutations have been documented in the 

context of cardiomyopathy, the mechanisms by which FLNC mutations cause specific phenotypes 

requires further study. To model FLNC mutations in cardiomyopathy, human skin fibroblasts, urine 

and blood samples were collected from FLNC patients, reprogrammed into iPSCs, and 

differentiated into iPSC-CMs. These cells serve as a direct translational model. CRISPR/Cas9 was 

used to genetically engineer iPSCs and then these engineered cells were differentiated into 

cardiomyocytes. These cells allowed us to understand downstream phenotypic effects in an 

isogenic background. Additionally, iPSC-CMs enabled studies to evaluate how these cells 

responded to physiological stress to better understand triggers for arrhythmias in FLNC-

cardiomyopathy. The filamin C protein helps maintain sarcomere structure and mediates cell 

signaling processes within the cytoskeleton. By creating cell models of cardiomyopathy, we can use 

these innovative tools to uncover mechanisms that govern disease in the heart.  
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II. Introduction 

Mutations in FLNC, the gene encoding the actin binding protein filamin, lead to cardiomyopathy and 

myofibrillar myopathy (78). Multiple cardiomyopathy subtypes have been described in association with 

FLNC mutations, including dilated, hypertrophic, restrictive and arrhythmogenic (71, 83, 111). The 

myofibrillar myopathy associated with FLNC mutations affects distal or proximal skeletal muscles and 

features intracellular aggregates in myofibers (112). With FLNC mutations, cardiomyopathy can occur in 

the absence or presence of skeletal muscle myopathy. 

 

The types of FLNC variants associated with myofibrillar myopathy include both missense and 

truncating mutations, and the inheritance pattern is primarily autosomal dominant with some cases 

of recessive inheritance (78, 113). Cardiomyopathy-associated FLNC variants are most commonly 

associated with dominant inheritance and the most readily interpretable cardiomyopathy-FLNC 

variants are premature truncations. 

 

Here we describe multiple FLNC variants and a range of cardiomyopathy outcomes. We also 

describe a patient with biallelic FLNC variants in a woman who presented with peripartum 

cardiomyopathy and ventricular arrhythmias. The patient was found to have compound 

heterozygous FLNC variants (p.Arg650X and c.970-4A>G). Induced pluripotent stem cell- derived 

cardiomyocytes (iPSC-CMs) were generated from this patient.  IPSC-CMs were also generated 

from individuals with truncating FLNC variants, which displayed reduced filamin C protein 

expression, or from a patient with a FLNC missense variant, which showed a normal level of filamin 

C protein. To better understand the effect of reducing filamin C protein, we used gene editing to 

reduce filamin C in iPSC-CMs. 
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Methods 

Ethics and Approvals.  

All participants provided informed consent for cell donation and access to medical record information 

under the Northwestern University Institutional Review Board. 

 

Generation and differentiation of iPSC lines.  

Human iPSCs were generated from human skin fibroblasts (Coriell, sample name GM03348, 10 year 

old male), urine-derived cells or peripheral blood mononuclear cells and reprogramed by 

electroporation with pCXLE-hOCT3/4-shp53-F (Addgene plasmid 27077), pCXLE-hSK (Addgene 

plasmid 27078), and pCXLE-hUL (Addgene plasmid 27080) as described previously (113, 114) (Figure 

2.1). IPSCs were maintained on MatrigelTM-coated 6-well plates in mTeSR-1 (Stem Cell technologies, 

Cat#85850) and passaged approximately every 5 days. IPSC-CMs were differentiated using Wnt 

modulation (Figure 2.1). Differentiation was conducted in CDM3 (RPMI 1640 with L-glutamine, 213 

µg/mL L- ascorbic acid 2-phosphate, 500µg/mL recombinant human albumin) (115). When reaching 

~95% confluency, cells were treated with 6µM-10µM CHIR99021 for 24 hours and allowed to recover 

for 24 hours. Cells were then treated with 2µM Wnt-C59 for 48 hours, and the media was changed with 

CDM3 every two days. After differentiation (~day 6-12) when cells were visibly beating, cells were 

passed through a 100µm cell strainer and purified by MACS-based cardiomyocyte enrichment 

(Miltenyi, Cat#130-110-188), counted, and replated. iPSC-CMs were maintained by changing 

chemically defined cardiomyocyte differentiation media (RPMI, Cat#11875-119 supplemented with 

CDM3) every other day (115). Cells (2X106) were collected from each differentiation and tested for 

cardiomyocyte purity by staining for cardiac troponin T (BD, Cat#565744) and assessing by flow 

cytometry (BD, Acuri C6 Plus flow cytometer). Differentiations were >90% TNNT2-positive (Figure 2.2). 

  



 

 

43 
 

 

 

Figure 2.1. Reprogramming and Differentiation of FLNC patient iPSC-derived 
cardiomyocytes. A. Cells were collected from FLNC patients. Cells were reprogrammed into 
iPSCs using the Yamanaka factors, Oct3/4, Sox2, KLF4, and c-Myc, via electroporation over 21-30 
days until colonies were visible. FLNC iPSCs were differentiated using 6-9 µm of CHIR and 2 µM 
IWP-2 over 6-12 days until iPSC-CMs were visibly beating. B. Differentiation is activated via the 
Wnt canonical signaling pathway. The inhibition of GSK-3b by CHIR and inhibition of Wnt by IWP-2 
is necessary to turn on Wnt signaling. These inhibitory molecules allow b-catenin to translocate to 
the nucleus and induce transcription of Wnt genes. Unlike the calcium-dependent Wnt noncanonical 
signaling pathway, which acts late stages of cardiomyocyte differentiation, the Wnt canonical 
signaling pathway promotes early induction of the cardiac mesoderm while inhibiting differentiation 
of cardiac progenitor cells into cardiomyocytes (116, 117).  
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Figure 2.2. Validation of cardiomyocyte purity after human iPSC-CM differentiation protocol. 
Purity was assessed using flow cytometry for cardiac troponin T. A. Control and mutant iPSC-CMs 
were stained with isotype control IgG or IgG to cardiac troponin T (TNNT2, cTnT) at Day 30 post 
differentiation. iPSC-CMs were identified using the BD Acuri C6 flow cytometer. B. Differentiations of 
control and mutant iPSC-CMs with >90% cTnT-positive were used in studies. 
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Gene editing/off-target analysis, genotyping.  

The guide RNA targeting FLNC exon 1 was designed using CRISPOR (26) (Figure 2.7). iPSCs at 

70% confluency were trypsinized with TrypLE (Thermo, Cat#12563011), resuspended, and treated 

with 3µg of guide RNA with pSpCas9(BB)-2A-GFP (Addgene plasmid #48138) control, or no DNA 

control in Resuspension Buffer (Neon, Cat#MPK10096) and replated onto a 6-well MatrigelTM-

coated plate with 10% CloneR (Stem Cell, Cat#5888) and 2µM thiazovivin Rock Inhibitor (Sigma, 

Cat#SML1045) in mTESR. After 24 hours, cells were treated with 0.15µg/mL puromycin (Thermo, 

Cat#A1113803), and then switched to puromycin at 0.2µg/mL from 48-72 hrs after guide 

electroporation. After 14 days, colonies were isolated manually. Individual clones were genotyped 

by Sanger sequencing. Clones with Sanger sequencing suggestive of successful editing were 

further subjected to amplicon sequencing using the same primers to verify the purity of clones using 

Amplicon EZ sequencing, Azenta Life Sciences (Figures 2.9-2.13). Analysis of potential off-target 

mutations was conducted using primers targeting regions identified by CRISPOR (Table 2.1). 

These regions were amplified and subjected to Sanger sequencing to confirm the absence of 

inadvertent mutations (Table 2.3 and 2.4). Chromosomal analysis was conducted using the hPSC 

Genetic Analysis kit (Stem Cell, Cat#07550). 

IPSC-CM purification and flow cytometry 

IPSC-CMs (day 6-12) were purified using the PSC-Derived Cardiomyocyte Isolation kit (Miltenyi, 

Cat#130-110-188) to deplete non-cardiomyocytes. After purification, 1x106 iPSC-CMs were 

collected and stained with isotype control or cardiac troponin T (TNNT2, cTnT) antibody (BD 

biosciences, Cat#565744) to measure cTnT-positive cells using flow cytometer (BD Acuri C6). 

Samples that were >90% positive for cTnT were used in following experiments (Figure 2.2) .  

 
Quantitative PCR  
 
iPSC-CMs (day 30) were washed with cold 1X PBS and collected. RNA was isolated in TRIzol 

(Thermo, Cat#15596-018) following the manufacturer’s instructions. Isopropanol was used to 

precipitate RNA, which was collected in ultrapure water. The NanoDrop 2000 (Thermo) was used to 

measure RNA concentration. One µg RNA was used to make complementary DNA (cDNA). Fifty ng of 
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cDNA, Amplitaq gold 360 Master Mix (Thermo, Cat#4398881), and primer sets amplifying the 5’UTR to 

exon 1 and exon 48 to the 3’UTR were used to conduct qPCR on the Thermocycler (Biorad). Gene 

expression was measured to calculate the DDCq values by averaging Cq values of technical replicates, 

normalizing to MYBPC3, and normalizing the DCq value of each sample to the average DCq value for 

the unedited control.  

 
Immunoblotting 

iPSC-CMs (day 30) were washed with cold 1X PBS and collected in cell lysis buffer containing 

protease (Sigma, Cat#11836170001) and phosphatase inhibitor (Sigma, Cat# 4906837001) cocktails 

using a cell scraper. Samples were centrifuged at 7500 rpm for 5 min at 4°C and the supernatant was 

collected. Bradford assay was conducted by mixing sample with Bradford 1X Dye Reagent (Biorad, 

Cat#5000205) in a 1:50 ratio and monitored in a 96-well plate on a plate reader. Samples were 

aliquoted using cell lysis buffer with protease and phosphatase inhibitors and 4X Laemmli protein 

sample buffer (Biorad, Cat#1610747). Samples were warmed for 10 min at 75°C and separated using a 

4-15% precast protein gel (Biorad, Cat#4561083) at 100V for 1 hr. 

 

Gels were transferred onto PVDF membrane (Biorad, Cat#16201® 77) for 3 hr at 900 mA at 4°C. PVDF 

membranes were blocked with T20 blocking buffer (Thermo, Cat#37543) for 1 hr at RT and probed with 

primary antibodies to filamin C (Sigma, Cat#HPA006135, 1:1000), BAG3 (Proteintech, Cat#10599-1-AP, 

1:1000), and a-sarcomeric actin (Sigma, Cat#A2172, 1:1000) in T20 blocking buffer o/n at 4°C. 

Immunoblots were washed with 1X TBS-Tween and secondary antibodies goat anti-mouse (Jackson 

ImmunoResearch, Cat#115-035-003), 1:2500) and goat anti-rabbit (Jackson ImmunoResearch, 

Cat#111-035-003, 1:2500) conjugated to horseradish peroxidase in T20 blocking buffer for 1 hr at RT. 

Immunoblots were imaged using PICO (Thermo, Cat#34580) and Femto (Thermo, Cat#34096) 

chemiluminescent substrates on the iBright 1500 (Invitrogen). Protein loading was measured using the 

Memcode reversible protein stain kit (Thermo, Cat#24585). The NIH Image J Fiji plug-in was used to 

quantify blots. 
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Statistical analyses.  

Data were analyzed using GraphPad Prism and the specific statistical tests were selected based on data 

distribution and number of comparisons. T-test was used for direct pairwise comparison between the 

control and mutant cell lines with a significance factor of p<0.05.  
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Results 

Cardiomyopathy and arrhythmias with FLNC mutations.  

A 40-year-old woman presented with cough and shortness of breath eight weeks after giving birth to her 

fifth child. She was found to have a dilated left ventricle (LV) with severely globally reduced function 

(Figure 2.3 and Table 2.5, individual A-1). Cardiac MRI reported a left ventricular end diastolic volume 

(LVEDV) index = 170 mL/m2 and left ventricular ejection fraction (LVEF) of 20%. There was a mid-

myocardial stripe of late gadolinium enhancement in mid-basal interventricular septum extending into the 

mid-basal inferior wall. Laboratory values were significant for normal troponin and markedly elevated 

NT-pro-BNP (>4,000). She received intravenous diuretics with improvement of symptoms, and she was 

initiated on guideline directed medical therapy (GDMT) including carvedilol, spironolactone, ramipril, and 

oral furosemide. Cardiac telemetry showed ventricular tachycardia (VT) and (NSVT) (Figure 2.3), so she 

was discharged from the hospital with an external defibrillator vest while she recovered from presumed 

peripartum cardiomyopathy. Over the next several months, she had limited improvement in LVEF 

despite up titration of GDMT, and she continued to have NSVT. 

 

Her past medical history included 5 successful pregnancies, including the most recent uneventful 

delivery. She had hypotonia at birth, delayed walking and motor milestones, scoliosis requiring surgery, 

internally rotated tibia and metatarus adductus of the feet. Because of these findings, she had a muscle 

biopsy at age 8, which was read as lipid storage myopathy (images unavailable). At the time of her 

adult presentation with heart failure, she was fully ambulatory and participated regularly in exercise 

activities with minimal to no weakness. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

49 
Table 2.1. Off target analysis of gene edited lines 
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Table 2.2. gRNA and primer sequences 
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Table 2.3. Genotypes of FLNC CRISPR isogenic cell lines 
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Table 2.4. Chromosomal analysis of gene-edited iPSCs 
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Table 2.5. Summary of genetic and clinical finding 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AF= allele frequency gnomAD; *proband; †The two genotypes for A-1 (compound heterozygote) are 
shown; P/LP, pathogenic, likely pathogenic; DCM, dilated cardiomyopathy; NSVT, nonsustained 
ventricular tachycardia; SCD, sudden cardiac death; LGMD, limb girdle muscular dystrophy; AFib, atrial 
fibrillation.  

Pedigree 
(person) 
*=proband 

Heterozygous FLNC 
variants 

Interpretation Clinical AF 

A-1* † c.1948C>T, 
p.Arg650X/ 
c.970-4A>G 

P 
 
LP 

DCM, NSVT NA 
0.005% 

A-2 c.970-4A>G LP NSVT 0.005% 
B-1* c.970-4A>G LP DCM, NSVT 0.005% 
B-2 c.970-4A>G LP DCM, NSVT 0.005% 
B-3 Inferred from proband  DCM, NSVT, 

cardiac transplant 
0.005% 

X-1* c.8143_8144delGT, 
p. Val2715fs87X 

LP  NA 

X-2 Inferred from proband  SCD NA 
Y-1* c.7371delT, 

p. Glu2458SerfsX71 
LP  NA 

Y-2 Inferred from proband  SCD NA 
Z-1* c.318C>G, 

Phe106Leu 
VUS LGMD, AFib, 

hypertrophy 
0.005% 

Z-2 c.318C>G, 
Phe106Leu 

VUS LGMD 0.005% 

Pedigree 
(person) 
*=proband 

Heterozygous FLNC 
variants 

Interpretation Clinical AF 

A-1* † c.1948C>T, 
p.Arg650X/ 
c.970-4A>G 

P 
 
LP 

DCM, NSVT NA 
0.005% 

A-2 c.970-4A>G LP NSVT 0.005% 
B-1* c.970-4A>G LP DCM, NSVT 0.005% 
B-2 c.970-4A>G LP DCM, NSVT 0.005% 
B-3 Inferred from proband  DCM, NSVT, 

cardiac transplant 
0.005% 

X-1* c.8143_8144delGT, 
p. Val2715fs87X 

LP  NA 

X-2 Inferred from proband  SCD NA 
Y-1* c.7371delT, 

p. Glu2458SerfsX71 
LP  NA 

Y-2 Inferred from proband  SCD NA 
Z-1* c.318C>G, 

Phe106Leu 
VUS LGMD, AFib, 

hypertrophy 
0.005% 

Z-2 c.318C>G, 
Phe106Leu 

VUS LGMD 0.005% 
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Figure 2.3. Clinical findings in a woman with dilated cardiomyopathy and mild, non- progressive 
skeletal myopathy. This individual presented 8 weeks postpartum with progressive heart failure 
symptoms and markedly reduced LV function. Her LV was markedly dilated (LV internal dimension in 
diastole, 6.1 cm with LVEF 30%).  A. Parasternal long axis view. B. Short axis view. C.  Nonsustained 
ventricular tachycardia (NSVT) was present on EKG monitor. Gene panel testing showed two different 
FLNC variants, p.Arg650X in exon 12 and c.970-4A>G in exon 5. Evaluation of her mother found only 
the single c.970-4A>G and confirmed these variants were in trans on two different alleles of FLNC.   
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Genetic testing with cardiomyopathy and arrhythmia gene panel (168 genes) identified two FLNC 

variants in exon 5 (c.970-4A>G) and exon 12 (c.1948C>T, p.Arg650X) (Figure 2.4). The premature 

truncation p.Arg650X is not found in population databases, and the exon 5 variant is present in 0.005% 

of the gnomAD cohort and is predicted to disrupt splicing. Her mother was found be heterozygous for 

c.970-4A>G but did not carry p.Arg650X, and at age 70, she had a long history of ventricular ectopy 

without syncope and normal LV function (Figure 2.4 and Table 2.5, individual A-2). Her children were 

found to have either p.Arg650X or c.970-4A>G, confirming the compound heterozygous status. Her 

other relatives were unavailable for genetic testing. 
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Figure 2.4. Summary of FLNC variants and pedigrees in this study. A. Schematic of the filamin C 
protein and the position of the FLNC variants in the pedigrees. B. Pedigrees of the families. The proband 
in family A carries two different FLNC variants in trans, Arg650X and c.970-4A>G, making her a 
compound heterozygote. The remaining families have a single FLNC variant in the heterozygous state. 
Family B has one of the two FLNC alleles (c.970- 4A>G) seen in the proband in Family A, but these two 
families are not related. Family X and Y have premature truncations in FLNC (Glu2458fsX71, 
Val2515fsX87), while family Z has a missense FLNC variant (Phe106Leu). 
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A second family (Family B) was found with heterozygous FLNC c.970-4A>G and DCM (Figure 2.4 and 

Table 2.5, individual B-1). The proband in family B had DCM with a LVEF of 35%, left bundle branch 

block, and NSVT in her 50s. Her sister was diagnosed with DCM at age 47 (Figure 2.4 and Table 2.5, 

individual B-2) with an LVEF of 8%; both sisters were confirmed to carry heterozygous FLNC c.970-

4A>G. The proband’s mother, prior to her death, was diagnosed with DCM and underwent cardiac 

transplant in her early 60’s (Figure 2.4 and Table 2.5, individual B-3). Family A and Family B both carry 

FLNC c.970-4A>G, but these two families derive from different parts of the United States and share no 

known relationship. This variant was reported as being associated with cardiomyopathy in independent 

reports (78, 118) and is interpreted as pathogenic in ClinVar (Accession Number SCV002587791.1). 

Based on the previous reports, we interpret this variant as likely pathogenic. 

 

The proband in Family X was heterozygous for the FLNC frameshift variant (c.8143_8144delGT, 

p.Val2715fs87X) (Figure 2.4 and Table 2.5, individual X-1). This patient was evaluated because of 

chest pain and intermittent episodes of dizziness at age 52. On telemetric monitoring he had NSVT, and 

treadmill stress testing identified runs of VT. Cardiac MRI showed normal LV cavity size and function 

with an LVEF of 66%, mild concentric hypertrophy, and evidence of mid myocardial enhancement highly 

suspicious of infiltrative cardiomyopathy. His father died suddenly at age 69, and two of the proband’s 

uncles died suddenly in their 40s. 

 

The proband in Family Y came to medical attention when his son suffered sudden cardiac death at age 

17, and his autopsy identified HCM with a septum thickness of 2.0 cm. Whole genome sequencing on 

the surviving parent with mild HCM identified heterozygous FLNC c.7371delT, p.Glu2458Serfs71X. 

Site-specific testing of this same individual in a clinical genetic laboratory identified this same variant, 

which was interpreted as pathogenic. This proband was found to have mild hypertrophic 

cardiomyopathy and NSVT, and an ICD was implanted (Figure 2.4 and Table 2.5, individual Y-1). The 

mother of this proband had a diagnosis of HCM at age 65 and died suddenly at age 93, and a maternal 

great uncle died suddenly at age 16 of an unknown etiology. One relative who was found to have the 

same pathogenic variant was found with extensive delayed enhancement on cardiac MRI. 
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Family Z had two brothers who developed muscle weakness in their 30s. The proband was 

heterozygous for a FLNC variant of uncertain significance (VUS) (c.318C>G, p.Phe106Leu). His brother 

had a similar presentation and carried the same FLNC VUS (Figure 2.4 and Table 2.5, individuals Z-1 

and Z-2). The proband had a history of atrial fibrillation, and cardiac MRI showed mild basal anterior 

wall hypertrophy with a maximal wall thickness of 1.5 cm with focal increased signal of delayed 

enhancement in the mid anteroseptal wall. A summary of the pedigrees is shown in Figure 2.4 with 

genetic and clinical findings presented in Table 2.5. These findings underscore the association of FLNC 

with variable cardiomyopathy subtypes. 

 

In iPSC-CMs derived from FLNC patients, the cardiomyocytes displayed morphologies distinct from 

healthy control iPSC-CMs. IPSC-CMs with FLNC heterozygous truncating mutations affecting the 

protein’s C-terminus generally had delayed differentiation seen as taking longer to develop regular 

beating (~10-12 days of differentiation) as compared to healthy control lines (~6-8 days of 

differentiation). Patient-derived iPSC-CMs also showed irregular beating and cell death visible by 

human eye. Abnormal morphology in FLNC iPSC-CMs was also characterized by islands of 

differentiated cells and clumped cardiomyocyte networks in iPSC-CMs in contrast to healthy control 

iPSC-CMs had intact cardiomyocyte networks with minimal cell death (Figure 2.5). mRNA expression 

of the FLNC transcript was not decreased the patient-derived lines, including the lines with truncating 

FLNC mutations (Figure 2.6). iPSC-CMs at day 30 were purified using the Miltenyi system, and flow 

cytometry was used to validate purity of iPSC-CMs by assessing percentage of cardiac troponin T 

(TNNT2, cTnT)- positive cells (Figure 2.2. 
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Figure 2.5. Morphology of FLNC patient-derived iPSC-CMs. Patient-derived iPSC-CMs with 
heterozygous FLNC truncations affecting the C-terminus showed clusters of cardiomyocytes and 
clumped cell networks compared to the healthy control line. Mutant iPSC-CMs showed delayed 
differentiation, irregular beating, and increased cell death as visible by human eye.  
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Figure 2.6. FLNC mRNA expression in iPSC-CMs was not reduced in FLNC patient lines. A. FLNC 
gene mRNA expression was evaluated using quantitative RT-PCR using primers to the 5’ end (left panel) 
and the 3’ end (right panel).  mRNA expression was relatively unchanged to increased, consistent with no 
clear evidence for nonsense-mediated decay. Expression level was normalized to MYBPC3 gene 
expression, as determined by qPCR.  All data shown as mean ± SD. **, p<0.05 by unpaired t-test. 
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Figure 2.7. Strategy for generation of isogenic iPSC cell line using gene editing. A. Target sites 
for guide RNA (gRNA) to generate a homozygous deletion in FLNC were directed at exon 1. Exon 1 
encodes the actin binding domain. B. Schematic for generating iPSCs and gene editing. Cells from a 
human healthy control individual (Coriell GM03348) were converted to iPSCs. IPSCs were transfected 
with 3µg of plasmid encoding Cas9 protein and the guide RNA. iPSCs were treated with 0.15µg/mL 
puromycin 24 hours post nucleofection and 0.2µg/mL puromycin 48-72 hours post nucleofection. 
Colonies were manually isolated. Sequence changes were verified by Sanger and next generation 
amplicon sequencing. 
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FLNC CRISPR isogenic cell lines 

Abnormal morphology was also seen in iPSC-CMs generated to homozygously lack FLNC expression. 

CRISPr-Cas9 was used to generate mutations on both alleles of FLNC at either the 5’ end or 3’ end.  

When FLNC was mutated on both alleles in exon 1 encoding the ABD at the N-terminus, filamin C protein 

production was ablated. The cardiomyocyte network of FLNC ABD-/- iPSC-CMs was disrupted ~15 days 

post differentiation and 7 days after the cells were replated (Figure 2.8). Slower beat rate and increased 

cell death were visible by eye. In these lines, the biallelic nature of the FLNC mutations was validated in 

IPSCs using Sanger sequencing (NU Sequencing Core) and Amplicon EZ sequencing (Azenta). The 

parent line (GM03348) and unedited control line, which went through the gene editing process, showed 

no insertions or deletions within the target regions of the two alleles in exon 1 in the ABD or exon 47 in 

DD (Figure 2.9 and Figure 2.10). The FLNC ABD-/- line had a 1 bp insertion on one allele and 7 bp 

deletion on the second allele in exon 1, truncating 2,595 amino acids following the miscoding of 25 amino 

acids and 2,611 amino acids following the miscoding of 11 amino acids, respectively. Amplicon EZ 

sequencing confirmed that this cell line was 99.88% certain to be a compound heterozygous variant for 

FLNC (Figure 2.11). FLNC DD-/- contained a 2 bp deletion on one allele which miscoded 70 amino acids 

leading to the truncation of terminal 46 amino acids, and a 1 bp deletion on the second allele in exon 47 

of the DD, resulting in 71 miscoded amino acids resulting in the truncation of terminal 45 amino acids. 

This cell line was proven to be a compound heterozygote with 99.90% certainty (Figure 2.12). One FLNC 

DD+/- line was heterozygous, confirmed as having a 1 bp deletion on one allele, resulting in 97 miscoded 

amino acids causing a deletion of terminal 19 amino acids. and no indels in the second allele at exon 47 

in the DD with >98% certainty (Figure 2.13).  FLNC mRNA was measured in gene edited and isogenic 

iPSC-CMs at day 30 and demonstrated a reduction of FLNC mRNA in homozygous mutant cell lines in 

comparison to the control. FLNC gene expression was reduced in FLNC ABD-/- and FLNC DD-/- iPSC-

CMs in using primer sets amplifying the 5’UTR to exon 1 and exon 48 to 3’UTR target regions before and 

after the sites of mutation, respectively (Figure 2.14). The FLNC DD+/- line did not show a reduction of 

mRNA, suggesting that mRNA reduction is a feature of homozygous lines.  Immunoblotting was used to 

measure the reduction in filamin C protein expression the FLNC gene edited and isogenic iPSC-CMs. 

Filamin C protein expression was significantly reduced in FLNC ABD-/- and FLNC DD-/- iPSC-CMs and 
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was also partially reduced in FLNC DD+/- iPSC-CMs (Figure 2.15). Thus, in the homozygous FLNC gene 

edited lines, the mRNA may be subjected to  nonsense mediated decay, which could also contribute to 

the reduction in filamin C protein. BAG3 protein levels were unchanged. All values were normalized to 

alpha-sarcomere actin.  
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Figure 2.8. Morphology of FLNC CRISPR isogenic iPSC-CMs. Gene-edited iPSC-CMs with 
heterozygous FLNC mutations which affect the protein’s N-terminus show disrupted network of 
cardiomyocytes as compared to the healthy isogenic control. Mutant iPSC-CMs showed slower beating 
and increased cell death as visible by human eye.  
 

 
= 
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Figure 2.9. Confirmation of GM03348 parent iPS cell line as normal as determined by Amplicon EZ 
sequencing. A. Target site of guide RNA in exon 1 in the actin binding domain. B-C. GM03348 iPS cell 
line was identified as a homozygous normal as no deletions or insertions were detected in either of two 
alleles within the target region of exon 1. D. Target site of guide RNA in exon 47 in the dimerization 
domain. D-E. GM03348 iPS cell line was identified as a homozygous normal as no deletions or insertions 
were detected in either of two alleles within the target region of exon 47. 
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Figure 2.10. Confirmation of unedited control iPS cell lines as normal as determined by Amplicon 
EZ sequencing. A. Target site of guide RNA in exon 1 in the actin binding domain. B-C. Unedited control 
iPS cell line was identified as a homozygous normal as no deletions or insertions were detected in either 
of two alleles within the target region of exon 1. D. Target site of guide RNA in exon 47 in the dimerization 
domain. D-E. Unedited control iPS cell line was identified as a homozygous normal as no deletions or 
insertions were detected in either of two alleles within the target region of exon 47.  
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Figure 2.11. Confirmation of FLNC ABD Clone 17 iPS cell line as compound heterozygote as 
determined by Amplicon EZ sequencing. A. Target site of guide RNA in exon 1 in the actin binding 
domain. B-D. FLNC ABD Clone 17 was identified as a compound heterozygous with a 1 bp insertion on 
one allele and a 7 bp deletion on the second allele at exon 1 with 99.88% certainty that this cell line is a 
mutant. E.  Filamin C protein sequence indicating target site of mutation. This mutation causes 25 
miscoded amino acids until premature stop coding resulting to 2,595 amino acid truncation on one allele 
and 11 miscoded amino acids until premature stop codon resulting in 2,611 amino acid truncation on the 
second allele.  
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Figure 2.12. Confirmation of FLNC DD Clone 12 iPS cell line as compound heterozygote as 
determined by Amplicon EZ sequencing. A. Target site of guide RNA in exon 47, which encodes the 
dimerization domain. B-D. FLNC DD clone 12 was identified as a compound heterozygous with a 2 bp 
deletion on one allele and a 1 bp insertion on the second allele at exon 47 with 99.90% certainty that this 
cell line is a mutant. E.  Filamin C protein sequence indicating target site of mutation. This mutation 
causes 70 miscoded amino acids until premature stop coding resulting to 46 amino acid truncation on one 
allele, and 71 miscoded amino acids until premature stop codon resulting in 45 amino acid truncation on 
the second allele. 
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Figure 2.13. Confirmation of FLNC DD Clone 7 iPS cell line as heterozygote as determined by 
Amplicon EZ sequencing. A. Target site of guide RNA in exon 47 encoding the dimerization domain. B-
D. FLNC DD Clone 7 was identified as a heterozygous with a normal allele and a 1 bp insertion on the 
other allele at exon 47 with >98% certainty that this cell line is a mutant. E.  Filamin C protein sequence 
indicating target site of mutation. This mutation causes 97 miscoded amino acids until premature stop 
coding resulting to 19 amino acid truncation on one allele. 
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Figure 2.14. FLNC mRNA expression in iPSC-CMs comparing unedited control and FLNC 
ABD-/-.  FLNC gene expression was reduced in FLNC ABD-/- and FLNC DD-/-. Expression level was 
normalized to MYBPC3 gene expression, as determined by qPCR using primers amplifying the 
region between the 5’UTR and exon 1 before the mutation sites (left) or using primers directed at 
exon 48 and the 3’UTR (right). All data shown as mean ± SD. **, p<0.05 by unpaired t-test. 
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Figure 2.15. FLNC protein expression in iPSC-CMs comparing unedited control and FLNC 
ABD-/-.A. Filamin C protein expression was reduced in FLNC ABD-/-, FLNC DD-/-, and FLNC DD+/- 
iPSC- CMs as determined by immunoblot using an antibody to the carboxy-terminus of filamin C 
(Sigma, Cat#HPA006135).   B. Quantification of filamin C protein expression in unedited control 
iPSC-CMs and FLNC ABD-/-, FLNC DD-/-, and FLNC DD+/- iPSC-CMs. All data shown as mean ± 
SD. ****, p<0.0001by unpaired t-test. 
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Discussion 

Variable cardiomyopathy expression with FLNC mutations.  
 
Heterozygous truncating FLNC mutations have been associated with hypertrophic, dilated, and 

arrhythmogenic cardiomyopathy (78, 111). Among the families and cases reported here, we also 

observed a range of cardiomyopathies including DCM and HCM and risk for ventricular arrhythmias for 

the truncating FLNC variants. The index case present herein manifested in the peripartum interval with 

biallelic FLNC variants, both of which disrupted filamin C expression.  Through family studies involving 

her offspring, we confirmed these two FLNC truncations were in trans on two separate alleles. We 

previously reported one of the first cases of sudden cardiac death linked to FLNC in a young woman 

carrying c.3791-1 G>C, which was subsequently identified in the Ashkenazi population (119, 120). The 

FLNC c.3791-1 G>C variant disrupts a splicing acceptor at the end of intron 21 and was associated with 

reduced filamin C transcript expression in fibroblasts. FLNC truncation mutations have been described 

in peripartum cardiomyopathy (121). Although TTN truncations are the most common genetic variants 

contributing to peripartum cardiomyopathy, the next most common genetic mutations are FLNC and 

DSP truncating mutations (121). Cardiac demand increases during pregnancy with cardiac adaptations 

in all trimesters and distinct shifts in the postpartum interval. Titin, filamin C and desmoplakin are key 

proteins that regulate sarcomere formation and formation of intercalated disks, which may be especially 

subject to turnover with the cardiac adaptations during late pregnancy (122, 123). 

 

Genetic assessment of targeted populations enriched for arrhythmias and cardiomyopathies has 

identified an enrichment of FLNC mutations, especially truncating variants (3, 18, 71, 111, 118). 

Conversely a genotype “first” approach, where genetic findings are then correlated with electronic 

health record reports, also confirmed that FLNC truncations increase risk of cardiac disease. In this 

recent survey of 171,948 subjects in a medical biobank with exome sequencing, FLNC loss of function 

(truncation) variants associated with an increased risk of ventricular arrhythmia and dysfunction. 

Biobank participants with FLNC truncation variants had significantly increased odds of dilated 

cardiomyopathy, left ventricular dysfunction, supraventricular tachycardia, and arrhythmia (124). 

Because of findings like these and other reports (125), the American College of Medical Genetics and 
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Genomics (ACMG) recently recommended reporting pathogenic FLNC variants incidentally identified 

through genome sequencing citing the high penetrance and elevated risk for cardiomyopathy and 

sudden death. In these studies, the penetrance of FLNC variants was relatively low, supporting the 

idea that additional stressors or second “hits” likely contribute to disease manifestation. Our studies 

identify cell stimuli that further stress protein turnover as contributing to that risk. 
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Study Limitations 

FLNC patients were consented during appointment visits. Thus, we had to coordinate sample collection 

around the time when they would be coming into the clinic. Certain urine samples were difficult to isolate 

cells from and required additional or alternative attempts, including collecting samples from family 

members who also had the same variant or collecting a blood sample since this process has a higher 

yield for cell isolation. A significant amount of time was spent on building accurate and sustainable cell 

models, including a wide array of control, FLNC patient, and FLNC CRISPR isogenic cell lines, 

performing quality control to ensure integrity, reliability, and reproducibility, and implementing 

technologies and systems. These efforts limited the breadth of functional experiments on these cell lines 

that were initially planned. Differentiation of mutated cardiomyocytes was often delayed and yielded fewer 

cardiomyocytes due to the reduction or loss of filamin C, since this protein is an essential component in 

maintaining sarcomere structure. Due to the COVID-19 pandemic, experiments were delayed as a result 

of reduced working hours in the lab in accordance with university guidelines, vendor supply chain issues 

that made it difficult to obtain lab materials and reagents in a timely manner, and reduced lab personnel, 

who are essential for exchanging ideas, helping with experimental troubleshooting, and allowing the lab to 

operate efficiently overall.    
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Chapter 3. 

Impact of FLNC Truncations Under Stress 
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Overview  

Mutations in FLNC, which encode the actin binding protein filamin C, lead to myofibrillar myopathy as 

well as cardiomyopathy. Heterozygous premature truncations in FLNC are enriched in cohorts with 

cardiomyopathy with ventricular arrhythmias playing a prominent role in FLNC-related cardiomyopathies. 

Filamin C is highly expressed in heart and skeletal muscle, and animal models with disrupted Flnc 

display a range of outcomes from early lethality to a mild, exercise-induced skeletal muscle myopathic 

phenotype characterized by protein aggregates, depending on the position of the Flnc mutation and the 

result on filamin C protein production. 

 

Although similar protein aggregates have not been well described in hearts carrying FLNC truncations, a 

shared pathology between skeletal and cardiac myopathies is likely. Here we describe multiple families 

with FLNC mutations and a range of cardiomyopathic phenotypes, including an individual with 

postpartum cardiomyopathy and NSVT who had FLNC p.Arg650X on one allele and c.970-4A>G on the 

other FLNC allele. Induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) were generated 

from patients and also by gene editing of a human healthy control line. We identified a reduction in 

filamin C protein in patient-derived iPSC-CMs harboring truncation FLNC alleles but filamin C reduction 

was not seen with a missense FLNC allele. After exposure to the proteasome inhibitor bortezomib, 

FLNC iPSC-CMs showed an increase of filamin C protein, BAG3, HSP70 and HSPB8, compared to 

unedited control, consistent with a role for filamin C in mediating protein turnover. FLNC null and patient-

derived FLNC iPSC-CMs showed prolonged electric field potential, providing a cellular surrogate for the 

predisposition to arrhythmias in FLNC-cardiomyopathy patients. Proteasome inhibition further elongated 

field potential duration, consistent with a model where additional stressors, especially proteotoxic 

stressors, exacerbate arrhythmia potential in FLNC cardiomyopathy. 
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Introduction 

Ventricular arrhythmias (VA) are associated frequently with FLNC-cardiomyopathy and include 

nonsustained and sustained ventricular tachycardia. Notably, VA occur even with mildly reduced left 

ventricular dysfunction or in minimally hypertrophied left ventricles, indicating that risk assessment 

strategies should take into consideration FLNC genotype (18, 70, 118). In the myofibrillar myopathies, 

intracellular aggregates are a characteristic finding in skeletal muscle; however, these aggregates have 

not readily apparent in cardiomyopathic hearts (111). The presence of intracellular aggregates in 

skeletal muscle and the lack of finding aggregates in the heart might reflect the limited sampling of the 

heart. Alternatively, the lack of detectable aggregates could derive from intrinsic differences between 

heart and skeletal muscle, and/or more likely the nature of specific FLNC variants. 

 

In heart and skeletal muscle, filamin C is enriched near Z discs, and there is a concentration of filamin 

C protein at the plasma membrane. In the heart, filamin C is also found at intercalated discs (65, 111). 

Filamin C has an actin binding domain at its amino terminus, followed by 24 immunoglobulin (Ig)-like 

repeat domains. Between the 15th and 16th repeat domains is a region that is variably spliced with 

inclusion or exclusion of exon 31 (126). This splicing event encodes an additional flexible hinge into the 

filamin C protein. Exon 31-containing transcripts are increased in failed hearts (18). The final Ig-like 

repeat domain mediates dimerization of filamin C, and a premature truncation in this domain, W2710X, 

was first identified in German families with myofibrillar myopathy and associated cardiomyopathy (63, 

77). 

 

Mice engineered with the equivalent of human W2710X, called W2711X in mice, express both the 

truncated filamin C protein and the full-length form in skeletal muscle, indicating that the truncated 

filamin C, under some circumstance, may be expressed (67). Heterozygous W2711X mice develop an 

exercise-induced myopathic process characterized by intracellular aggregates in skeletal myofibers 

(67). Mice with homozygous W2711X similarly develop skeletal muscle myopathy with a faster time 

course to disease. In contrast to the W2711X mice, homozygous deletion of the last eight exons of 

Flnc (D41-48), which removes the last five Ig domains, results in early postnatal lethality from 
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respiratory muscle weakness (85). Unlike the W2711X mice, there is little expression of filamin C 

protein in the D41-48 muscle, supporting the idea that some FLNC truncations may produce mRNA 

subject to nonsense-mediated decay and/or proteins that are unstable. 

 

Multiple lines of evidence support a role for filamin C in proteostasis, and this process is especially 

important in striated muscle that undergoes hypertrophy and atrophy in response to different stimuli 

(127). Filamins, including filamin C, can undergo unfolding of specific Ig domains under mechanical 

and other stressors (57). BAG3 and small heat shock proteins interact with filamin C to mediate the 

chaperone-assisted selective autophagy (CASA) pathway to remove damage and misfolded proteins 

(128-130). BAG3 is essential to stabilize the interaction with heat shock factor proteins and to maintain 

proteostasis (104). 

 

We found that FLNC-null iPSC-CMs displayed increased sensitivity to proteotoxic stress with impaired 

response to heat shock proteins and components of the autophagy pathway. To model clinically 

relevant arrhythmias associated with FLNC mutations, we assessed extracellular field potential as a 

reflection of action potential, and we identified prolonged field potential duration in FLNC null iPSC-CMs. 

Furthermore, when subjected to proteotoxic stress with bortezomib, field potential prolonged even more, 

providing a link between proteostasis and arrhythmia susceptibility. Together, these findings identify 

filamin C as a critical regulator of stress pathways in cardiomyocytes, which creates a substrate that 

promotes arrhythmogenesis. 
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Methods  

Immunofluorescence Microscopy 

iPSC-CMs (3 x 105 cells) were replated on MatrigelTM-coated 12mm Micro coverglass slips (Electron 

Microscopy Sciences, Cat#72231-01) in a 24-well plate. At days 19-25, coverglass slips were washed 

with 1X PBS and fixed with 2% paraformaldehyde. Glass coverslips were washed with 1X PBS, 

permeabilized with 0.2% Triton and blocked with 5% BSA for 1 hr at RT. Coverslips were incubated with 

primary antibodies to filamin C (ABClonal, Cat#A13018, 1:200) and alpha-actinin (Sigma, Cat#A7811, 

1:1000) in 5% BSA overnight at 4°C. Coverslips were washed with 0.1% Tween and secondary 

antibodies Goat anti-Rabbit IgG (Invitrogen, Cat#A11012, 1:1000) and Donkey anti-Mouse IgG 

(Invitrogen, Cat#A21202, 1) were added at 1:1000 in 5% BSA for 1 hr at RT. Coverslips were washed 

and mounted onto glass slides with Prolong Gold (Thermo, Cat#P36930) and imaged (Zeiss, Axio 

Imager M2). 

 

Proteotoxic stress with bortezomib. 

iPSC-CMs were replated onto 12-well plates at 2x106 cells/well and treated at day 30 with proteasome 

inhibitor, bortezomib (Cell Signaling, 2204S) at varying concentrations or 0.01% DMSO for 24 hrs. Cells 

were collected and protein was isolated and aliquoted as described above. Protein expression was 

measured using immunoblotting. 

 

Mechanical stress with FlexCell system.   

Rubber membranes of BioFlex 6-well plates were activated with 3-Aminopropyltriethoxysilane, washed 

with 1X PBS and ultrapure water, and coated with Matrigel. iPSC-CMs were replated onto BioFlex 6-well 

plates at 1.5x106 cells/well. Unflexed control cells were collected before flexing and the flexed cells were 

flexed day 20 at 10% strain for 20 hours in the FlexCell chamber. Cells were collected and protein was 

isolated and aliquoted as described above. Protein expressing was measured using immunoblotting. 

Multielectrode array (MEA) measurements.  

iPSC-CMs were replated onto a 96-well MEA plate (Nanion Technologies, Cat#201003). Media change 

was completed 1 hr before the treatment plate was read on the CardioExcyte 96 platform (Nanion 
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Technologies). iPSC-CMs were paced at 1 Hz, 20 ms burst length and 10% intensity at a sweep 

duration of 30 sec with a repetition interval of 10 min. iPSC-CMs were treated with bortezomib or DMSO 

when stabilized after ~10 sweeps by adding to existing media in a 1:4 dilution for final concentration of 

0.1uM or 0.01%, respectively. Quality control and data analysis was performed using DataControl 

software for the CardioExcyte Nanion. 

 

Statistical analyses.  

Data were analyzed using GraphPad Prism and the specific statistical tests were selected based on data 

distribution and number of comparisons. 
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Results 

Filamin C is reduced in iPSC-CMs with FLNC mutations.  

Induced pluripotent stem cells (iPSCs) were established from several of the above individuals and used 

to generate cardiomyocytes (iPSC-CMs). Using immunoblotting with an antibody to the filamin C 

carboxy-terminus, we evaluated filamin C protein production in iPSC-CMs from healthy control lines and 

lines carrying FLNC variants p.Arg650X,c.970-4A>G, p. Glu2458SerfsX71 (referred to as p.Glu2458fs), 

p.Val2715fs87X (referred to p.Val2715fs) and p.Phe106Leu (Figure 3.1A). Compared to healthy control 

iPSC-CMs, the amount of filamin C protein was reduced in the three lines with FLNC truncation variants 

(p.Arg650X, p.Glu2458fs, p.Val2715fs), but not in the missense line p.Phe106Leu (Figure 3.1B). 

Filamin C protein was most reduced in p.Arg650X iPSC-CMs, consistent with this line having a second 

FLNC variant as a compound heterozygote (c.970-4A>G) (118).  

 

iPSC-CMs were evaluated for protein localization using immunofluorescence microscopy (IFM) with a 

focus on the iPSC-CM lines that produced reduced but detectable filamin C protein content (Glu2458fs 

and Val2751fs). Localization of a-actinin was used to evaluate sarcomere content (green imaging in 

Figure 3.1C), and a-actinin staining demonstrated sarcomeres in the two lines with heterozygous FLNC 

frameshifting alleles, Glu2458fs and Val2751fs as well as in the Phe106Leu iPSC-CMs. As expected in 

healthy control human iPSC-CMs, filamin C co-localized with a-actinin (merged images in Figure 3.1C). 

 

Qualitatively, there were more areas where filamin C protein was reduced in sarcomeres in the mutant 

cardiomyocytes with truncated filamin C (compare filamin C staining in red boxes in Figure 3.1C). The 

iPSC-CM line with Phe106Leu showed scattered areas of filamin C protein aggregates (white arrows), 

and similar findings were not readily evident in the healthy control iPSC-CMs nor in the FLNC 

truncating iPSC-CMs. In addition, Z-line streaming was observed in all three FLNC mutant iPSC-CM 

lines (compare green boxes in Glu2458fs, Val2715fs and Phe106Leu demonstrating disruption of Z 

line integrity). These data support a reduction in total filamin C protein and Z line streaming as potential 

mechanisms that contribute to cardiomyopathy. 
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Figure 3.1. Filamin C protein is reduced in iPSC-CMs from patients carrying protein truncating 
variants. A. Immunoblotting of iPSC-CMs from the truncating mutants, Arg650X, Glu2458fs, and 
Val2715fs and the missense Phe106Leu iPSC-CM line. B. Quantification of immunoblots from multiple 
different differentiations is shown. Data is shown as mean ±SD with significance determined using an 
unpaired t-test. ** p=0.0049, ***p=0.0006,. C. Immunofluorescence microscopy showed reduced filamin 
C in patient-derived IPSC-CMs with truncating FLNC variants compared to a FLNC missense variant. 
An antibody to a-actinin (green) was used to evaluate sarcomere formation in the left column. The 
appearance of the sarcomeres was similar between the truncation variants and the missense line, with 
all FLNC variants demonstrating some degree of Z band streaming (examples in green boxes in 
merged image). The middle column shows filamin C staining highlighting sarcomere-associated filamin 
C was reduced in the two FLNC truncating lines (compare red box areas in middle two panels, which 
show intact sarcomeres in green channel but little filamin C protein incorporation in the red channel), 
but reduction in filamin C expression was not evident in the missense Phe106Leu line. Filamin C 
protein aggregates were visible in the Phe106Leu iPSC-CMs (white arrows). Scale bar, 20µm. 
  



 

 

84 
Defective response to proteotoxic stress in the absence of filamin C. 

As an actin crosslinking protein, filamin C is a regulator of cellular stress and injury. After 

exercise or experimentally-induced cell injury, filamin C is enriched at sites of injury in skeletal 

myofibers and in cardiomyocytes, where it is positioned to participate in the repair response 

including sarcomere rebuilding (57, 91). Under conditions of mechanical stress, filamin C is 

upregulated to manage injury and repair responses in skeletal muscle and cardiomyocytes (68, 

103). In skeletal muscle, unfolded or misfolded filamin C is disposed of by chaperone-assisted 

selective autophagy, which engages BAG3 and heat shock proteins to target unfolded proteins 

to lysosomes for degradation (127, 128). We generated FLNC null iPSCs from a healthy control 

cell line using CRISPR-Cas9 using guide RNAs targeting an exon encoding the actin binding 

domain of filamin C, referred to as FLNC ABD-/- (ABD, Figure 3.2 and Figure 2.2). The FLNC 

ABD-/- iPSCs carried two different alleles that disrupted the reading frame, and the cells had no 

off-target mutations (Figure 2.9 and Figure 2.10). FLNC ABD-/- iPSC-CMs had reduced mRNA 

expression when assessing exon 48, and filamin C protein expression was undetectable 

(Figure 2.13 and Figure 2.14). 
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Figure 3.2. Human iPSC-CMs lacking filamin C (FLNC ABD-/-) have impaired response to 
proteotoxic stress. A. A healthy control human iPSC line was gene edited in the actin binding domain 
(ABD) to generate FLNC ABD-/- cells (blue arrow marks position of deletion). B. Filamin C is found at 
the Z disk and plasma membrane. Misfolded or unfolded filamin C protein is bound by chaperones like 
BAG3 and heat shock proteins and then disposed through proteasomal degradation or autophagy 
(17). C. Unedited control (UE) and isogenic FLNC ABD-/- iPSCs (ABD) were differentiated to 
cardiomyocytes and then treated with the proteasome inhibitor bortezomib (0.1µm) for 24 hours.  In 
the absence of filamin C, bortezomib exposure results in an increase in chaperone proteins and 
autophagy markers in iPSC-CMs. D. Compared to the unedited control, FLNC ABD-/- iPSC-CMs 
displayed an increase in the chaperone proteins BAG3, HSP70 and HSPB8 when exposed to 
bortezomib. FLNC ABD-/- iPSC-CMs also had an increase in LC3-1 and LC3-II after bortezomib 
compared to unedited control iPSC-CMs.  Expression levels for each protein are shown as fold change 
relative to the unedited control. *p = 0.02 FLNC, 0.0067 BAG3, 0.04 HSP70, 0.0004 HSPB8, and p = 
0.03 LC3-II. The normalized data was analyzed with an unpaired t test and is shown as mean ±SD. 
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BAG3 and heat shock proteins are critical to mediating proteostasis, which is an important function for 

mechanically-stressed cardiomyocytes and skeletal myofibers (17, 22, 30, 

31) (Figure 3.2B). Additionally, abnormal lysosomal accumulation was previously described as a 

feature of FLNC disruption in iPSC-CMs (32). Therefore, we assessed baseline expression and 

expression of proteins after proteasome inhibition using bortezomib, an inhibitor of the 26S proteasome. 

Unedited control and FLNC ABD -/- iPSC-CMs tolerated low dose bortezomib (0.1µm) for 24 hours of 

treatment. Under these conditions, this low dose of bortezomib is expected to partially perturb the 

proteasome while the higher doses appeared to cause toxicity, as evidenced by loss of contractility. 

When exposed to bortezomib, FLNC ABD-/- iPSC-CMs displayed an increase in BAG3, HSP70, and 

HSPB8, relative to unedited control iPSC-CMs, indicating that this excessive response to proteasome 

stress supports a role for filamin C in mediating chaperone activity. Additionally, FLNC ABD-/- iPSC-CMs 

showed enhanced autophagy markers, LC3-1 and LC3-II, consistent with an increase in autophagy. We 

interpret these findings to indicate that reducing filamin C renders cardiomyocytes less able to tolerate 

perturbations in protein turnover, such as those that occur during cell stress states. 
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Filamin C provides structural support to the sarcomere while under physiological stress. In the injured 

heart, filamin C is present at the site of injury, showing its involvement in muscle repair (57, 91). 

Physiological force can promote the unfolding of filamin C and trigger the formation of the CASA 

complex, which binds to misfolded filamin C to later target to the lysosome for degradation (Figure 

3.3A). This process was modeled by applying mechanical stress to iPSC-CMs. Using the FlexCell 

system, cells were stressed by inducing 10% equibiaxial strain on iPSC-CMs plated on a BioFlex 6-well 

plate for 20 hours (Figure 3.3B). CASA protein expression did not consistently shift in FLNC unedited 

or mutant iPSC-CMs under mechanical stress (Figure 3.3C,D). The fold change in CASA protein 

expression (BAG3, HSP70, HSPB8, and p62) also did not reliably shift in Arg650X/c.970-4A>G iPSC-

CMs after mechanical stress (Figure 3.3E,F). We interpret these findings to mean that mechanical 

stress under these conditions was not sufficient to elicit a consistent change in filamin C or the CASA 

pathway proteins.  It is possible that greater mechanical stress is needed to elicit this response.    
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Figure 3.3. Protein Expression of CASA pathway under mechanical stress in iPSC-CMs. 
A. Filamin C unfolds under mechanical stress and acts as a scaffold for the BAG3-HSP70-HSPB8 
CASA complex to direct it for ubiquitination and degradation at the lysosome in autophagy. B. Flex Cell 
system induces 10% strain on cardiomyocyte network plated onto Matrigel-coated rubber membrane in 
BioFlex® well. C-D. FLNC isogenic and mutant iPSC-CMs were subjected to 10% strain for 20 hours 
using the FlexCell system. Fold change in protein expression of BAG3, HSPB8, p62, HSP70, and LC3 
1/II was not consistently altered after flexing in FLNC ABD-/-, FLNC DD-/-, and FLNC DD+/- iPSC-CMs as 
compared to the unedited control E-F Arg650X/ c.970-4A>G iPSC-CMs were subjected to 10% strain 
for 20 hours using the FlexCell system. The difference in fold change in protein expression of BAG3, 
HSPB8, p62, HSP70, and LC3 1/II in Arg650X/ c.970-4A>G iPSC-CMs was not consistently changed 
under mechanical stress.  We conclude this degree of mechanical stress, both amount and time, may 
be insufficient to elicit consistent shifts in the CASA pathway proteins.  
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Prolonged extracellular field potential in FLNC mutant iPSC-CMs is enhanced under proteasomal 

inhibition.  

Although the cardiomyopathic expression of FLNC truncation variants is variable, a major clinical 

complication in FLNC cardiomyopathic mutations is ventricular arrhythmia, which can be unpredictable in 

its timing (2, 8, 9). To assess arrhythmic potential of iPSC-CMs, we measured extracellular field potential 

as a proxy for action potential duration in paced iPSC-CMs. Field potential duration is measured from the 

start of depolarization to the end of repolarization back to baseline and may reflect conduction and 

repolarization. For these studies, we tested unedited control iPSC-CMs, FLNC ABD-/- iPSC-CMs, and the 

p.Arg650X/c.970-4A>G compound heterozygous patient-derived iPSC-CMs (referred to as p.Arg650X for 

simplicity). At baseline, extracellular field potential was prolonged in both FLNC ABD-/- and p.Arg650X 

iPSC- CMs compared to the unedited control iPSC-CM line (compare y axes in Figure 3.4A). These 

findings are consistent with prolonged action potential duration. Further, when treated with 0.1µm 

bortezomib, which was sufficient to elicit a boost in filamin C and chaperones proteins in healthy control 

iPSC-CMs, extracellular field potential remained normal in the unedited healthy control cells. However 

with this dose of bortezomib, the extracellular field potential remained prolonged in the FLNC ABD-/- 

iPSC-CMs and further prolonged in p.Arg650X iPSC-CMs, consistent with a stress-induced substrate for 

arrhythmia risk (Figure 3.4B,C). These findings highlight defective proteostasis in cardiomyocytes with 

disrupted filamin C and identify stressors associated with greater protein turnover as proarrhythmic in the 

setting of filamin C deficiency. Electric field potential was also measured in FLNC patient iPSC-CMs. At 

baseline, FLNC Val2715fs87X iPSC-CMs have prolonged field potential as compared to the unaffected 

control. Yet, the field potential in Glu2458SerfsX71 was reduced, suggesting that other parameters may 

be important influences on field potential duration (Figure 3.5).   



 

 

93 

 

Figure 3.4. Prolonged extracellular field potential of FLNC ABD-/- iPSC-CMs and Arg650X iPSC-
CMs at baseline and after bortezomib-induced proteotoxic stress. iPSC-CMs were transferred to 
microelectrode array (MEA) plates for electrical field potential measurements. Extracellular field 
potential duration was monitored on the Nanion CardioExcyte-96 platform. A. The baseline field 
potential duration was significantly prolonged in FLNC ABD-/- iPSC-CMs compared to the unedited 
control. Similarly the patient-derived FLNC p.Arg650X cells, which carry the second pathogenic FLNC 
allele in trans, showed a similar prolonged field potential duration at baseline (*p<0.001 for ABD-/-, 
p=0.02 Arg650X, t-test). B. When subjected to low dose (0.1µm) bortezomib, the same dose that 
stimulated an increase in BAG3, HSP70 and HSPB8 in control cells, control cells did not shift field 
potential duration. In contrast, field potential duration remained prolonged in FLNC ABD-/-, and field 
potential prolonged further in the FLNC Arg650X. C. Time course of field potential duration with low 
dose bortezomib exposure (p<0.001 at 20hr, and p<0.001 at 24hr) (red lines). iPSC-CMs were paced 
at 1 Hz. These data demonstrate that proteotoxic stress creates a substrate for arrhythmia that can 
be monitored in iPSC-CMs. Data are shown as ±SEM. 

 



 

 

94 
Discussion  

Role of filamin C in cellular repair of skeletal myofibers and cardiomyocytes. 

In skeletal muscle, resistance exercise is associated with an increase in chaperone-assisted selective 

autophagy components including filamin C (28). When mouse hearts are subjected to transaortic 

construction or isoproterenol stress, filamin C is upregulated (29). Acute injury to myotubes is associated 

with recruitment of Flnc mRNA and filamin C protein to the site of injury where it plays an essential role 

in injury repair (27, 41). Similarly, injury to iPSC-CMs is also associated with recruitment of filamin C to 

the injury site (18). Filamin C may serve as a scaffold onto which small and larger heat shock proteins 

assemble to manage excess or misfolded proteins at the sites of injury (42). 

 

Recent work using human iPSC-CMs with FLNC truncations identified an accumulation of lysosomal 

proteins.  Agarwal and colleagues generated heterozygous and homozygous FLNC mutant iPSC-CMs 

(32). Homozygous FLNC null lines showed reduced Z band and select sarcomere proteins, while 

heterozygous loss of FLNC resulted in an accumulation of lysosomal proteins. The heterozygous FLNC 

iPSC-CMs not only had increased lysosomal content but also displayed increased autophagic flux and 

depletion of autophagy proteins, which could reflect a compensation for impaired proteasomal 

degradation and disposal of proteins through the proteasome pathways. Our findings are consistent with 

the increase in autophagic flux based on the observed increase in LC3 under proteasome inhibition. In a 

separate line of experiments, gene expression profiling identified excess platelet derived growth factor A 

(PDGFRA) signaling in FLNC null iPSC-CMs, and the authors demonstrated that crenolanib, a receptor 

tyrosine kinase inhibitor with preference for mutant receptor tyrosine kinases was effective at improved 

contractile dysfunction in FLNC mutant iPSC-CMs (43). How these signaling pathways may intersect 

with enhanced proteasomal sensitivity and autophagy is not known. 

 

In summary, we identified a series of FLNC variants associated with diverse cardiomyopathies and 

significant arrhythmia risk, including one individual with compound heterozygous FLNC mutations that 

significantly reduce filamin C protein expression. Using iPSC-CMs, we identified that low dose 

bortezomib, a proteasome inhibitor, results in an increase in chaperone proteins and autophagy 
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markers in FLNC deficient iPSC-CMs. This response to proteasomal inhibition as a stressor was 

excessive in the absence of filamin C. FLNC iPSC-CMs had an electrical signature of prolonged field 

potential duration, which identifies an arrhythmogenic substrate. These findings support a model where 

filamin C reduction impairs the ability for myofibers and cardiomyocytes to undergo repair and makes 

them susceptible to injury and cell stress, which increases arrhythmia risk. 
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Chapter 4. 

Summary and Conclusions 
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Summary and Conclusions 

The filamin family of proteins is encoded by three genes FLNA, FLNB, and FLNC that have different 

tissue distribution and level of expression. FLNA and FLNB are important modulators in vascular 

development; FLNA is expressed enriched in smooth muscle containing structures, including 

vasculature, while FLNB is predominately expressed in endothelial and other cells (Figure 4.1). 

However, FLNC’s expression is much more enriched in skeletal and cardiac muscle. FLNA and 

FLNB are important modulators in vascular development. Filamin A mediates protein interactions of 

cytoskeletal proteins and human mutations in FLNC cause a wide range of connective tissue 

disorders (131). Within endothelial cells, filamin B plays a role in VEGF signaling to induce 

angiogenesis and stimulates cell migration by acting as a scaffolding protein for different 

cytoskeletal proteins, including mediating the interaction of Rac-1 and Vav-2 (131). Filamin B is an 

important factor in coordinating protein interactions and vessel formation in space and time within 

the cytoskeleton during muscle development. On the contrary, FLNC’s higher expression in heart 

and skeletal muscle and its role in mechano-transduction and cellular signaling explain why human 

mutations in FLNC lead to heart and muscle disorders (132). Filamin C differs from filamins A and B 

due to an 82 amino acid insertion in Ig-like domain 20 in the rod domain, a site that is important for 

proteins interactions that regulate striated muscle development and function. Filamin C’s rod 

domain undergoes conformational changes when force is induced within the cytoskeleton, and this 

attribute may be critical for filamin C’s role in helping the sarcomere withstand mechanical strain.  

  



 
 

 
 

98 

 

 

Figure 4.1. Gene expression of FLNA, FLNB, and FLNC in multiple human tissues as 
reported in GTEx. A-B. FLNA is expressed in many tissues with smooth muscle while FLNB is 
expressed at lower levels and in more tissues. C. FLNC is expressed highest in cardiac and skeletal 
muscle and plays a major role in muscle development such as Z-disk formation, 
mechantransduction and facilitates interactions of proteins that are essential for sarcomere 
assembly and function. (GTEx, https://gtexportal.org/home/ accessed May 15, 2023). 
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Filamin C has been associated with multiple subtypes of cardiomyopathy but each of these forms 

has variable penetrance and expressivity. Initial studies identified filamin C as a cause of myofibrillar 

myopathy by providing structural support and modulating cell signaling within the cytoskeleton (63, 

64). Filamin C consists of three distinct domains: ABD, RD and DD. Mutations within these domains 

have been shown to cause muscle and heart disease in patients that present with variations in 

phenotypic expressivity. Yet, the impact of the location of filamin C mutations on clinical outcomes is 

not well understood.  

In FLNC patients with the p.Phe1720LeufsX63 and myofibrillar myopathy, there was evidence for 

nonsense mediated decay, and the reduction in FLNC mRNA expression and resulting loss of 

filamin C protein expression in muscle were linked to the patients’ phenotypes (133). iPSC-CMs 

from an ACM patient with FLNC c.970-4A>G variant, the same variant we described in a family and 

as the second allele in a patient with p.Arg650X, were treated with cycloheximide and showed 

increased transcript levels and recovery of the spliced transcript (134). This FLNC patient had 

NSVT and a family history of SCD. Prolonged action potential duration and abnormal action 

potentials, including early after depolarizations, were also seen with this FLNC variant. NMD 

associated with specific  FLNC mutations may contribute to cardiomyopathy. Additionally, NMD 

regulates stress responses, such as autophagy, to contribute to proteostasis and protein quality 

control (PQC) in the cell (135). NMD has been described as downregulating the unfolded protein 

response, leading to reduced autophagy and impaired PQC (136). Thus, multiple factors, including 

NMD, haploinsufficiency, CASA and its role in PQC, all contribute to FLNC-related cardiomyopathy 

and its risks for arrhythmia. These additional factors may explain the variable penetrance and 

expressivity seen with FLNC cardiomyopathy.   

Using a two-pronged approach, I created FLNC mutated iPSC-CMs to model cardiomyopathy and 

better understand the dynamics of the loss of filamin C on phenotypic expression. Samples were 

collected from FLNC patient and, additionally, gene editing was used to create FLNC isogenic cell 

lines. In Chapter 2, I described the clinical findings of these patients and how these cell lines 

(Phe106Leu, Arg650X/c.970-4A>G, Glu2458SerfsX71, and Val2715fs87X) were created. These 



 
 

 
 

100 

 

patients had FLNC mutations distributed along the transcript and had a history of arrhythmia and 

sudden cardiac death. One patient, who had both FLNC Arg650X and c.970-4A>G, presented with 

non-progressive muscle disease, NSVT, and DCM. Interestingly, the c.970-4A>G variant was also 

present in another family with cases of DCM, confirming its role on its own as contributing to 

cardiomyopathy. Phe106Leu, Arg650X/c.970-4A>G, Glu2458SerfsX71, and Val2715fs87X iPSC-

CMs each had irregular morphology, as shown by the presence of Z-disk streaming in 

cardiomyocytes and, in the cultured cells, abnormal cardiomyocyte networks were seen.  

Interestingly, the patient with the FLNC Arg650X/c.970-4A>G developed heart failure symptoms in 

the postpartum interval, indicating she carried the pregnancy successful but did not tolerate 

postpartum cardiac remodeling. During pregnancy, the heart increases mass and function to 

accommodate the needs of supporting the growing fetus (137).  The loss of filamin C, an important 

modulator for mechanical stress in the sarcomere, further impairs the sarcomere and the heart’s 

ability to withstand these external forces, and this may account for the observation of FLNC 

mutations in pregnancy related cardiomyopathy, since this also includes the peripartum interval.  

Given the need for increased heart mass and the accompanying cardiac regression that occurs in 

the postpartum interval, it is reasonable to expect that FLNC mutations might impair this normal 

process (138). We expect that additionally stressors like postpartum remodeling may create the 

substrate where filamin C deficiency increases risk for arrhythmias.  

 

The FLNC p.Phe106Leu variant has been reported as likely pathogenic in DCM (78), and patients 

with FLNC missense mutations have been shown to have protein aggregates as compared to those 

with nonsense mutations (75). Histology of heart explants from a FLNC patient with biallelic FLNC 

mutations including the p.Phe106Leu variant showed protein aggregates (81) . FLNC p.Phe106Leu 

most likely contributes to reduced function of filamin C through its formation of intracellular 

aggregates. Gene-edited FLNC iPSC-CMs also showed abnormal morphology and increased cell 

death over time compared to the unedited control as visible by eye. 
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In Chapter 3, I investigated the effect of proteotoxic and mechanical stress on the FLNC mutant 

iPSC-CMs. Proteostasis is important for maintaining PQC in muscle and heart since there are many 

physiological conditions that support hypertrophy and atrophy. The misfolding of filamin C triggers 

protein aggregate formation at the Z-disk. Filamin C was also identified in protein aggregates in the 

muscle (68). In order to properly dispose of protein aggregates, the CASA pathway responds by 

complexing of BAG3 with heat shock proteins, including HSP70 and HSPB8, and filamin C provides 

a substrate for this assembly. Filamin C is also present at the sites of muscle injury, showing that 

this protein is important for the repair in muscle (57, 91). The repair process in the heart is likely to 

use similar processes to skeletal muscle. Bortezomib, a proteasome inhibitor, was used to induce 

proteotoxic stress in FLNC mutant iPSC-CMs. FLNC ABD-/- cells displayed increased CASA protein 

expression, as compared to the unedited control under bortezomib stress. The Flex Cell system 

was also used to induce mechanical stress in FLNC mutant iPSC-CMs. The mechanical stress 

protocol tested did not produce significant shifts in CASA protein expression, and it is possible that 

these stress conditions were insufficient in amount and duration to instigate the necessary CASA 

pathway shifts. Furthermore, bortezomib was used to measure the effect of proteotoxic stress on 

action potential in iPSC-CMs. FLNC ABD-/- and Arg650X/c.970-4A>G iPSC-CMs displayed 

prolonged field potential at baseline and in the p.Arg650X cell line, this extended further under 

bortezomib-induced stress, showing that FLNC deficiency perturbs cell signaling and prolongs the 

repolarization phase within the action potential.  

Under physiological stress, the injured heart used filamin C as a key factor that modulates support 

and signaling by responding to biochemical and mechanical forces within the cell.  Proteostasis is 

an important process for maintaining PQC in the heart for proper muscle function. It has been 

shown that truncating FLNC mutations including p.Gln1662X, p.Tyr2704X, and p.Trp2710X variants 

causing MFM are associated with FLNC haploinsufficiency and defects in protein quality systems 

required for maintaining functional proteins (139). These truncating FLNC mutations showed 

differential expression in CASA pathway proteins and activation of protein quality systems. 

Understanding how FLNC mutations alter proteostasis and whether the position of the FLNC 
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mutation impact proteostasis may uncover mechanisms of PQC and stress responses in the heart. 

In my thesis, I have shed light on how different FLNC mutations respond to these stressors. These 

data highlight that filamin C is an essential component that impacts the proteostasis  

and arrhythmia potential in iPSC-CMs.    

 

Future Directions 

Understanding the underlying mechanisms of the loss of filamin C on the proteostasis is important 

to better understand how CASA pathway proteins interact when the scaffold is no longer present. 

Future studies will examine the interaction and localization of CASA pathway proteins under stress 

to determine where these proteins may travel to the sites of sarcomere rebuilding and/or 

disassembly.  Additionally, we will aim to further explore the impact of proteotoxic stress and its 

dependency on the filamin C scaffold.
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