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Abstract

:

The sarcomere as the smallest contractile unit is prone to alterations in its functional, structural and associated proteins. Sarcomeric dysfunction leads to heart failure or cardiomyopathies like hypertrophic (HCM) or restrictive cardiomyopathy (RCM) etc. Genetic based RCM, a very rare but severe disease with a high mortality rate, might be induced by mutations in genes of non-sarcomeric, sarcomeric and sarcomere associated proteins. In this review, we discuss the functional effects in correlation to the phenotype and present an integrated model for the development of genetic RCM.
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1. The Sarcomere


The sarcomere as the substructure of myofibrils is the contractile unit of striated muscles i.e. skeletal and cardiac muscle (Figure 1). It forms a symmetric unit with the M-disc in the center and is bordered by the Z-discs. M-disc and Z-disc provide the anchors for thin, thick and elastic filaments. The elastic filament is composed of the giant protein titin spanning half the sarcomere. The thin filament contains mainly filamentous actin and the regulatory proteins tropomyosin and troponin. The thick filament includes the motor protein myosin and the regulatory protein myosin binding protein C linking thick and thin filament. Ca2+-dependent interaction of myosin with actin leads to the gliding of the thin and thick filaments past each other, the sarcomere is shortened, myocytes and finally the whole muscle contract [1,2]. The sarcomere consists of a large number of highly organized proteins besides the proteins of thin and thick filaments and is linked to the extracellular space and nucleus via the cytoskeleton. In addition, a number of associated proteins connect the sarcomere to various signaling pathways. Such a complexity is indispensable to coordinate the contractile function of each cardiomyocyte and adapt the heart’s work continuously to the momentary demands of the body. Thus, the smooth work routine of all the sarcomeres within each cardiomyocyte of the heart muscle is pivotal for the contractile function of the heart and is based on the highly balanced interplay of sarcomeric proteins and of the sarcomeres themselves. Apparently, sarcomeric function is very sensitive to disturbances of any kind. Even one dysfunctional sarcomeric protein, altered protein-protein interactions, changes in sarcomeric structure and dynamics, alterations in expression, proteolytic degradation etc., progress to contractile dysfunctions and finally to cardiomyopathies and heart failure. Sometimes, compensation mechanisms to overcome the defects are provoked which, however, over time also may become pathological.




2. Cardiomyopathies


Cardiomyopathies are defined as cardiac diseases, in which the heart muscle is affected showing functional and structural defects [3]. According to the classification of cardiomyopathies as described by Elliott et al., 2008, they can be subdivided into RCM (restrictive cardiomyopathy), HCM (hypertrophic cardiomyopathy), DCM (dilated cardiomyopathy), ACM (arrhythmogenic cardiomyopathy) and unclassified cardiomyopathies as for example non-compaction cardiomyopathy (LVNC) (Figure 2). The causes of these cardiomyopathies may be genetic/familial or non-genetic and idiopathic.



2.1. Left Ventricular Non-Compaction Cardiomyopathy


LVNC seems to be the common cardiomyopathy type in the class of unclassified cardiomyopathies at least in children [4,5]. The origin of the disease is thought to lie in an impaired embryonic development, leading to a sponge-like ventricle and dilation due to abnormal trabeculations. In several cases mutations have been identified for example in the genes encoding a member of the dystrophin–related protein family, tafazzin, a mitochondrial membrane protein involved in cardiolipin metabolism, in dystrobrevin, or in a gene encoding lamin, located in the nuclear envelope [6]. But also sarcomeric genes as MYH7, ACTC, TNNT2, TPM1, ZASP are affected [7]. TNNT2 seems to be involved in cardiogenesis in the regulation of atrial septal growth and formation of trabeculae [8]. However, the mechanism of disease development still is obscure and it is not clear, if and how these mutations impair correct embryonic development of the heart. Clinically, LVNC is associated with left ventricular dysfunction and severe arrhythmia, sudden cardiac death, or embolic stroke due to an enhanced risk of thrombus formation within the trabeculaes.




2.2. Arrhythmogenic Cardiomyopathy


ACM has an estimated frequency in the general population of 1:100 to 1:5000. Since sudden cardiac death similar to hypertrophic cardiomyopathy may occur as the first manifestation of the disease, there might be an additional number of unreported cases of ACM in the general population [9]. The hallmark of ACM is the replacement of ventricular cardiomyocytes by fibrotic and fatty tissue, which progresses with time. This might affect the right or left ventricle, or both, and finally leads to electrical instability and systolic dysfunction [10,11]. Like the other cardiomyopathies, ACM is genetically heterogeneous. Thus, for example, variants of proteins of the nuclear envelope like transmembrane protein 43 or lamin A/C have been correlated to ACM. The latter seems to induce mainly right ventricular and bi-ventricular cardiomyopathy [12,13]. In addition, mutations in PLN encoding phospholamban have been identified to cause ACM. In the Netherlands, the phospholamban p.R14del mutation has been declared a founder mutation responsible for the disease in 10–15% of all ACM patients [14]. Other ACM target genes encode the cardiac sodium channel and the sarcomeric protein titin [15,16,17]. Several rare single amino acid replacements in titin have been identified in different families (p.T8031C, p.A18579I + p.M33291T, p.A19309S, p.P308471L, p.T2896I). p.T2896I is located in the conserved Ig10 domain within the spring region of titin [16]. Also, nonsense filamin C variants have been correlated to either DCM or ACM. Recently, a filamin C intronic mutation was described in three Jewish families leading to reduced filamin C transcripts as well as aberrant filamin C protein variants [18]. Interestingly, these variants did not show a mislocalization of proteins such as glycogen synthase kinase-3β or plakoglobin considered typical for ACM [19]. Mainly, ACM is caused by mutations in genes encoding structural proteins as desmosomal proteins like plakoglobin, desmoplakin, plakophillin etc., with increased risk of sudden cardiac death and left ventricular dysfunction [20]. Desmosomes link desmin to the extracellular matrix. Dysfunctional desmosomes not only affect cell-cell communication, but also lead to cell death. Such a loss of cardiomyocytes is compensated finally by substitution with fat and/or fibrous tissue instead of new cardiomyocytes, since the regeneration capacity of cardiomyocytes is extremely low [21]. The disease usually manifests in adults or during adolescence. It is very rarely diagnosed in children, probably because of lacking symptoms. However, an early diagnosis would help to postpone manifestation of a severe ACM [22,23,24].




2.3. Dilated Cardiomyopathy


One of the common cardiomyopathies is DCM, which is mainly characterized by left ventricle dilation, systolic dysfunction and high morbidity. Main causes for DCM are infections, inflammation or toxins [25]. Also infants might be affected showing either mild or strong symptoms at diagnosis, but the disease onset in childhood is generally correlated with a high mortality rate. In a Swedish study, only 8% of the children recovered within the 25-year follow-up period [26]. Most of them had to undergo a heart transplantation, or a ventricular assist device or pacemaker was implanted, or they died before any of these options could be applied. An American study revealed that boys were more affected than girls and that also the ethnic origin seemed to play a role in disease progression [27]. Less frequently, DCM may also be caused by genetic defects, though there might be a significant number of undetected cases. Thus, according to Burkett & Hershberger, idiopathic DCM to about 50% is due to mutations [28]. The inheritance mainly is autosomal dominant, but also could be recessive, X-linked or even mitochondrial [29]. More than 60 genes have been associated to familial DCM [30,31]. The target genes for example might encode the sarcomeric proteins titin, cardiac troponin T (cTnT) and C (cTnC), actin, myosin heavy chain (MHC) or ion channels as the voltage gated sodium channel subunit alpha, as well as structural proteins e.g. lamin, filamin C, desmin [19,21]. One of the most prominent genes affected in familial DCM is TTN (up to 30% of all familial DCM cases up to date) encoding titin, the elastic filament of the sarcomere (Figure 1) [32]. Here, mostly truncation mutations have been observed in up to 25% of young DCM patients [33,34]. Most titin truncations in DCM patients occur in the A-band region of the sarcomere, whereby penetrance is clearly age dependent [35,36]. But also missense mutations have been described in TTN leading to similarly severe DCM as observed in patients with truncated titin. For example, Galan et al., 2020, recently showed that replacement of functional active cysteine residues in titin, whose oxidation affects titin stiffness and dynamics, leads to the development of DCM [37].




2.4. Hypertrophic Cardiomyopathy


The most frequent cardiomyopathy based on gene defects is HCM, whereby more than 1400 mutations in genes mainly encoding sarcomeric proteins have been identified up to date. Clinically, HCM is characterized by symmetrically or asymmetrically thickened heart walls, affecting in most cases the septum and/or the left ventricle. Diastolic dysfunction and a high risk of sudden cardiac death especially in young athletes are hallmarks in HCM. Histologically, cardiomyocytes appear enlarged and disarrayed and the cardiac muscle tissue shows fibrosis. In general, the disease manifestation is highly variable. Though there are also severe cases in young people, often the disease remains asymptomatic and thus undetected in the young [38,39,40]. The genes which are affected most in HCM patients are those encoding for myosin heavy chain (MHC) and cardiac myosin binding protein C (cMyBP-C). More than 50% of the reported HCM mutations have been detected in these two genes [41]. In MYH7 (cardiac gene of MHC) and most other genes encoding sarcomeric proteins, predominantly missense mutations are found leading to single amino acid replacements in the resulting protein. In MHC, mostly amino acid replacements in the actin binding domain or the ATPase domain have been identified, affecting force production [42]. In case of cMyBP-C, mainly truncated proteins are formed, leading to haploinsufficiency [43]. On the molecular level, when using isolated recombinant protein fragments of MHC variants in functional assays, MYH7 HCM mutations reduced force production. In contrast, in animal models and isolated variant MHCs enhanced contractility, i.e., increased and accelerated force production was observed [44]. The discrepancy of these observations may be due to effects of post-translational modifications or involvement of other proteins present in the more complex assay systems such as animal models and isolated whole cells or even myofibrils. Due to the complexity of the sarcomere and its interactions, reduced assay systems as reconstituted filaments are not able to reflect the situation in the sarcomere or even less in a cardiomyocyte or tissue; they just show dysfunction of the used proteins, but not necessarily the outcome in the cardiomyocyte or tissue. Thus, the enhancement of contractility fits to the generally observed increased Ca2+-sensitivity leading to enhanced activation at lower calcium concentrations than in healthy cardiac muscle [45,46]. Such a hypercontractility is known to lead to energy (ATP) depletion, but more importantly increase ADP- and decrease phosphocreatine levels, thereby affecting myosin cross bridges, force production and impairing re-extension [47,48].




2.5. Restrictive Cardiomyopathy


Restrictive cardiomyopathy (RCM) is a lethal, but rare disease which mostly is due to infiltration, and in a smaller percentage due to genetic disorders. In general, genetic RCM is characterized by near normal-sized left ventricle with enhanced stiffness and enlarged atria due to increased end-diastolic pressure in the ventricles. The disease is combined with an abnormal filling pattern and thus belongs to the diastolic diseases. Systolic function at least in the beginning of the disease is near normal but might be reduced at later stages of the disease. Sometimes also a mild hypertrophy is observed, making diagnostic distinction between RCM and HCM difficult [49].



The far most common cause of infiltrative diseases is amyloidosis that results from misfolding and deposition of proteins (amyloids) between the muscle fibers and/or within the walls of coronary arteries. The amyloids induce an enlargement of the heart walls giving an appearance of hypertrophy. However, the myofibers themselves are not affected as they are in HCM [50]. Two main types can be distinguished: the light chain (AL) and the transthyretin amyloidosis (ATTR). The latter type includes a hereditary sub-type caused by variants of the transthyretin protein, and a more common wild-type ATTR which is clearly age-related (“senile ATTR”) [51]. Similar as for DCM, the majority of idiopathic RCM cases are caused by gene defects, though up to date the knowledge on RCM genetics is still very poor [52,53]. In genetically based RCM, the inheritance usually is autosomal dominant. Genes with (non-infiltrative) RCM variants include also TNNI3, TNNT2, TNNC1, TPM1, TTN, MYH7, MYL2, MYBPC3, MPN, DES, FLNC, LMNA, BAG3 (Table 1) and are similar to those of DCM, HCM and LVNC [52,54,55]. Most mutations have been identified in genes encoding for sarcomeric proteins, some in sarcomere associated proteins like small heatshock proteins such as crystallin αB, or their binding partners such as BAG3 — proteins whose dysfunction potentially leads to the accumulation of aggregated proteins (Table 1).



Several mutations in genes whose proteins are not directly involved in contractile function have been described in patients with RCM, among others desmin, filamin C and crystallin αB [56,57,58,59,60]. Usually, desmin mutations have been associated with DCM, however, a p.E413K mutation was found in a Polish family with a history of fatal heart diseases, in which 3 adult (30–60 year old) living members suffered of RCM [56]. Other family members also in young age suffered from heart disease and dies suddenly, but the diagnostic confirmation of RCM was not clear. The p.E413K desmin mutation is located in a conserved region involved in filament assembly which is different to the other mutations found in DCM patients. In patient muscle biopsies as well as in a cell culture model, desmin aggregates and disrupted Z-discs have been observed. Also, another desmin mutation which has been linked to RCM affects a splicing site within the DES gene and leads to disruption of the filamentous network of the cardiomyocytes [58]. In this case cardiac symptoms were diagnosed at the age of 46 in a Polish patient. More recently, a homozygous p.Y122H desmin mutation was identified in a RCM patient aged 19 [57]. This mutation is located within a region which is involved in the coiled coil formation of desmin dimers, and leads to abnormal cytoplasmic aggregation of desmin suggesting that this region may be a hotspot of cardiomyopathy-related mutations.



Pediatric RCM


Cardiomyopathies in children are overall rare, but often they are associated with a poor prognosis. The most common cardiomyopathies in children are DCM followed by HCM [27,97]. In children, genetically based RCM is seldom and accounts for less than 5% of the cardiomyopathy cases. Children with RCM show a rapid disease progression as well as a high mortality (50% survival within the first two years after diagnosis) [98,99]. Clinical characteristics are similar to RCM in adults, with diastolic dysfunction in absence of hypertrophy. In addition, pulmonary venous congestion, atrial fibrillation and SA block may occur, associated with an increased risk for arrhythmia and sudden cardiac death. [55,98]. Mogenson & Arbustini, 2009, suggested, that children with RCM exhibit a high risk for ischemia related events (infarcts, scarring, necrosis) even without signs of heart failure [100].



Several mutations have been detected in children with RCM affecting structural proteins, among which mutations in FLNC seem to be most prominent (Table 1). Filamin C cross-links actin filaments and is located at costameres, Z-discs and intercalated discs (Figure 1). The first RCM mutations in FLNC were described by Brodehl et al., 2016, in two different Canadian families leading to single amino acid replacements in conserved immunoglobulin domains, p.S1624L and p.I2160F [89]. Tissues of patients with p.S1624L showed filamin C aggregates and disrupted Z-discs. Members of this family became diseased at an age <10 years. In the family with p.I2160F, no aggregates were detected and the onset of the disease occurred much later. More recently two de novo mutations in FLNC have been found in children diagnosed with RCM at the age of 1, 3 and 15 years for the p.A1186V mutation and 6 months for the p.A1183L mutation [59]. Both mutations cause abnormal filamin C localization, disruption of Z-disks as well as aggregation. Similarly, a p.P209L mutation in BAG3, identified in 2018 in an eight year old boy diagnosed with myofibrillar myopathy and RCM, also caused aggregation of BAG3 and desmin, Z-disc abnormalities as well as dysregulated autophagy [96]. Though only relatively few mutations have been thoroughly characterized so far, myofibrillar disarray and protein aggregation seem to be common features in many mutations analyzed, supporting the idea of an infiltrative pathomechanism of RCM.



Other targets for RCM mutations are genes encoding sarcomeric proteins. In this group the main target is TNNI3 encoding cardiac troponin I (cTnI), a sarcomeric regulatory protein [101]. TNNI3 mutations were found to be predominant in pediatric RCM in a Chinese study [102]. Here, as well, detailed analyses of the underlying mechanisms are scarce, most suggesting contractile abnormalities such as increased Ca2+-sensitivity and impaired relaxation, which also occur in HCM. Interestingly, there seems to be a high rate of de novo infantile RCM mutations in the TNNI3 gene, though a few de novo mutations have also been observed in TTN and MYH7 [52,81,86,100].



De novo mutations as disease causing mutations are not easy to identify, especially in case of missense mutations leading to a single amino acid replacement [103]. Several factors have to be considered, as for example the localization of the mutation in a disease gene, the conserved position of the amino acid replacement and the function of the resulting protein, etc. A number of de novo mutations have been identified in pediatric cardiomyopathies. They come along with a very fast disease progression and a poor prognosis (Table 1). Pediatric RCM patients with de novo mutations frequently require a heart transplantation shortly after diagnosis to prevent premature death. Only a few of the known mutations, however, have been investigated on the mechanistic level.






3. Molecular Mechanisms in RCM


The knowledge on the molecular mechanism of primary cardiomyopathies is patchy, especially in RCM. In the beginning, there is just the mutation leading to an altered protein, which might be expressed at different levels than the wild type protein. When integrated into the sarcomere or into structures associated to the sarcomere, often the interplay with other sarcomeric/associated proteins is impaired, as well as protein and sarcomere dynamics, resulting in diastolic dysfunction, impaired structural stability, cell-to-cell communication and increased stiffness. Furthermore, specific signaling pathways are activated via associated proteins altering protein expression and degradation, survival, secretion of autocrine/paracrine hormones and exosomes, and thereby influence the performance not only of the heart, but also of other organs. The phenotype is the result of the whole network, including the genetic heterogeneity [104]. Therefore, a detailed knowledge on the molecular mechanisms of disease development is pivotal to develop specific therapeutic strategies. However, many of the mutations, especially those identified in RCM patients have just been described only in one family member, and further insights into the molecular mechanisms are lacking.



3.1. Contractile Dysfunction


3.1.1. Calcium Signaling


Calcium homeostasis in cardiomyocytes is important for many cellular processes as for example for the contractility of the cardiac muscle. A nervous impulse induces an action potential leading to a depolarization of the plasma membrane and opening of voltage gated calcium channels, the L-type Ca2+-channels located in the T-tubules of the cardiomyocytes. The influx of Ca2+ opens the ryanodine receptor integrated into the membrane of the sarcoplasmatic reticulum (SR), which forms the intracellular Ca2+-store. Ca2+ is released from the SR and triggers muscle contraction via binding to the Ca2+-sensor at the thin filament, namely cardiac troponin C (Figure 1 and Figure 3). For relaxation, there is a re-uptake of Ca2+ into the SR via SERCA, a Ca2+-ATPase. In addition, Ca2+ is pumped back into the extracellular space and into mitochondria.



Alterations in the Ca2+-handling are described as a main factor contributing to the development of arrhythmia or contractile dysfunction. The overall picture is that most DCM mutations are correlated with a reduced Ca2+-sensitivity of the filaments, in contrast most HCM and RCM mutations sensitize the sarcomeres for Ca2+, whereby the changes are more drastic in RCM than in HCM related mutations [61,105,106]. Increased myofilament Ca2+-sensitivity usually delays the relaxation process and leads to hypercontractility, enhanced energy consumption and enhanced risk for malignant arrhythmia [47,48,107]. An increased Ca2+-sensitivity of filaments was described for RCM mutations such as p.cTnI-A171T, -K178E, -D190G in permeabilized cardiomyocytes, and for p.cTnI-L144Q, -R145W, -A171T, -K178E and -R192H in skinned fibers [61,62]. These variants exhibited shorter resting sarcomere length, less inhibition capacity and developed less maximal tension. On the other hand, in rat cardiomyocytes some of the above mentioned variants showed no changes in Ca2+-sensitivity [62]. These discrepancies are probably dependent on the model system and assays used. Accordingly, the RCM mutations p.cTnI-R170G/W also exhibited a substantial increase in the Ca2+-sensitivity in skinned fibers from guinea pigs, but not in thin filament activation assays using reconstituted thin filaments [67]. Such discrepancies indicate that more proteins than the basic contractile proteins determine Ca2+-sensitivity. A more differentiated approach was provided by Sparrow et al., 2019, investigating two distinct HCM mutations, p.cTnT-R92Q and p.cTnI-R145G, in intact guinea pig cardiomyocytes using novel Ca2+-sensors [107]. Whereas p.cTnI-R145G directly increased the Ca2+-binding affinity of cTnC, p.cTnT-R92Q seems to increase the Ca2+-sensitivity via a cooperative mechanism. Both pathways finally impair relaxation. Davis et al., 2008, also described a shortened Ca2+-transient decay indicating impaired relaxation, which became more prominent upon higher pacing frequencies, implying an effect on Ca2+-homeostasis of the cardiomyocytes [62]. An increase in Ca2+-sensitivity is observed not only with most HCM and RCM inducing troponin variants but also with pathogenic variants of other sarcomeric thin and thick filament proteins, e.g., myosin light chain, tropomyosin, myosin heavy chain, myosin binding protein C [108]. In RCM, the Ca2+-sensitizing effect is usually much more prominent than in HCM. However, while HCM patients are at a high risk for malignant arrhythmia and sudden cardiac death (SCD), in RCM patients the risk for SCD is not higher than in HCM patients and is often due to ischemia [109]. Thus, altered Ca2+ handling is not the only key factor leading to arrhythmia in HCM. On the other hand, the prominent Ca2+ sensitizing effects in RCM might substantially contribute to the more pronounced ventricle stiffness [47]. Exceptional ventricle stiffness together with increased diastolic pressures, a hallmark of RCM, may cause in children ischemia and fatal arrhythmia [110,111].




3.1.2. Cardiac Troponin I and the Interplay of Sarcomeric Proteins in RCM


Cardiac troponin I (cTnI) is the inhibitory subunit of the heterotrimeric troponin complex (cTn), the main regulatory protein of the thin filament. cTnI binds to the Ca2+ binding subunit cTnC and the tropomyosin binding subunit cTnT within the troponin complex and forms a molecular switch. Under relaxing conditions, i.e. during diastole, cTnI strongly binds to actin and tropomyosin and thus blocks the interaction of the myosin motor domain with actin, thereby inhibiting muscle contraction. Upon Ca2+-binding to cTnC, cTnI is released from actin/tropomyosin which allows an azimuthal movement of tropomyosin on the actin filament. The binding sites for the myosin heads are demasked and force production and contraction are enabled. Furthermore, as we recently reported, there is a direct interaction between cardiac troponin and cardiac myosin binding protein C (cMyBP-C), the regulatory protein of the thick filament which connects thick and thin filament [67]. This interaction implies a coordinated action of the two regulatory proteins, troponin and cMyBP-C in the regulation of muscle contraction. In addition to that, regulation of muscle contraction is under hormonal control leading to phosphorylation of sarcomeric proteins, thereby fine-tuning contractile function. Thus, phosphorylation of titin modulates passive tension and altered phosphorylation affects Ca2+-sensitivity and force development [104,112]. cTn and cMyBP-C both are phosphorylated by protein kinase A (PKA) upon ß-adrenergic stimulation. In cardiac disease, the phosphorylation patterns and their effects within the cardiomyocyte may change [113]. Furthermore, pathogenic protein variants may exhibit altered phosphorylation. For example, PKA phosphorylation of p.cTnI-R145G, a HCM variant, is suppressed thus uncoupling ß-adrenergic modulation via cTn [114] Likewise, PKA phosphorylation of p.cTNI-R145W, a RCM variant, leads to uncoupling of the response however not by itself, but through altered phosphorylation of additional proteins as titin and cMyBP-C [115]. Additionally, proteins involved in calcium homeostasis are regulated by phosphorylation, such as the L-type calcium channels, ryanodine receptors and phospholamban, the regulator of SERCA activity, as well as cardiac troponin I at the sarcomere. PKA-dependent phosphorylation on the one hand enhances the Ca2+-influx into the sarcoplasm and thereby promotes contraction, and on the other hand accelerates relaxation. These relationships underline that a balanced phosphorylation is a prerequisite for contractile function and that alterations in phosphorylation and/or phosphorylation responses as observed in RCM and other cardiomyopathies lead to contractile dysfunction [116].



The cardiac troponin I gene is the main target for RCM mutations in the sarcomere [52]. The mutations, mostly leading to single amino acid replacements, are concentrated in cTnI in the regulatory C-terminal regions of the protein (Table 1, Figure 4) [117]. There are two actin binding regions in the cTnI C-terminus: the inhibitory domain (aa130–150) together with the switch domain (aa151–167), and the mobile region (aa168–210). The inhibitory domain blocks the myosin-actin interaction in the absence of calcium, the switch domain binds to the N-terminal domain of cTnC during muscle activation, and the mobile C-terminus is only bound to actin/tropomyosin in the relaxed, i.e. resting state of the muscle [118,119]. The clustering of RCM mutations in the regulatory C-terminus implies that interactions of cTnI with actin/tropomyosin/cMyBP-C and dynamics might play a pivotal role in the contractile dysfunction in cardiomyopathies and contribute to disturbed sarcomere stability and integrity. In addition, it has been shown for some RCM mutations in TNNI3 that the incorporation of the variant cTnIs into the thin filament is impaired. According to Davis et al., 2008, who used a rat and rabbit gene transfer model and isolated cardiomyocytes for their investigations, mutants located in the cTnI inhibitory domain such as p.cTnI-L144Q and p.cTnI-R145W are integrated into the thin filament to a lower extent than the wild type cTnI [62]. In this case, no change in Ca2+-sensitivity was observed and PKA dependent Ca2+-sensitization was not affected. Thus, individuals carrying these mutations have a low amount of mutant cTnI incorporated in their sarcomeres, but nevertheless show a highly disordered relaxation. In accordance, we recently described that p.TnI-R170W, which is located in the mobile C-terminal domain of cTnI, was incorporated into reconstituted thin filaments to a lower degree and showed a reduced binding affinity towards actin and an increased affinity towards tropomyosin [67]. In addition to that, the binding affinity of this cTnI variant for cMyBP-C was increased. Only in skinned fibers, but not in reconstituted thin filaments, a massive Ca2+-sensitization and reduction of the cooperative communication along the thin filament was detected due to this mutation. Moreover, a decreased thin filament stability was detected using electron microscopic imaging and reconstituted thin filaments. Reconstituted thin filaments containing p.R170W showed a significantly higher amount of filament breaks, clustering of filaments and wavy instead of straight filaments (Figure 5). Thus, it appears that pathogenic cTnI variants impair the interplay between sarcomeric proteins leading to contractile dysfunction and structural instability, which may contribute to arrhythmia. Furthermore, reduced incorporation of mutant proteins might lead to an excess of free protein, potentially leading to aggregation in the cytosol.





3.2. Protein Aggregation


A hallmark for non-sarcomeric RCM is protein aggregation, a problem known for non-sarcomeric familial RCM as amyloidosis or glycogen storage disease, where aggregates are deposited between the myofibrils [50]. In sarcomere-related RCM, the p.Pro209Leu mutation in the BAG3 gene leads to early-onset RCM and myofibrillar myopathy with typical intra-sarcoplasmic bodies composed of BAG3 protein and desmin aggregates [96]. Alterations of the myofibril integrity and Z-disc structures, as well as an impaired autophagy were also observed. BAG proteins bind to the Hsp70 ATPase domain and thereby inhibit activity of these chaperones. The BAG3/Hsp70 complex controls protein aggregation and may be also in complex with small heatshock proteins as crystallin αB (sHsp5) [120,121]. In the cardiac muscle, crystallin αB is mainly located in the I band of the sarcomere associated to titin’s N2BA region, and in the Z-disc associated with desmin, actin and α-actinin, preventing aggregation of these proteins and stabilizing the myofibrils [122]. Brodehl et al., 2017, found the first crystallin αB mutation in patients with RCM leading to a dysfunctional crystallin αB and sarcoplasmatic aggregates [60]. The formation of aggregates seems also a problem in RCM causing filamin C (FLNC) and desmin (DES) mutations [57,89]. Pathogenic mutations in the genes of crystallin αB and desmin leading to aggregate formations have been linked to an impaired protein quality control and autophagy [123]. In addition, HCM mutations in cMyBP-C knock-in mice showed an impairment of the ubiquitinylation/proteasome system [88,124]. Similar investigations for sarcomeric RCM mutants are missing. However, it is tempting to speculate that diastolic dysfunction and/or protein aggregation due to an impaired protein quality control system (protein degradation, autophagy or expression) both pivotally contribute to the RCM phenotype.




3.3. Gene Expression and Mosaicism


According to Salman et al., 2018, there is a substantial amount of pathogenic intronic mutations, namely about 10%, which may alter splicing mechanisms [125]. Thereby, insertions or deletions occur which may alter the reading frame and induce a premature stop codon leading to a truncated protein. This has been observed e.g. for cMyBP-C HCM mutations in a study of 400 Italian patients [126]. In addition to single nucleotide variants, larger gene copy number variations (CNVs) can also lead to loss-of-function mutations due to exon skipping, premature stop or duplication of exons. CNVs have been identified in patients with congenital heart disease, HCM, DCM, LVNC and ACM, but only few studies included RCM [127,128,129]. In a study by Ceyhan-Birsoy et al., next generation sequencing-based CNV analysis of a large cardiomyopathy patient cohort revealed no clinically significant CNVs in any of the 25 RCM patients included [130]. Due to the relatively low number of cases analyzed and the generally rare occurrence of CNVs, the involvement of CNVs in RCM cannot be excluded, though.



Truncation of proteins is often caused by frameshift mutations within exons. It is widely accepted for sarcomeric proteins that truncations cause haploinsufficiency, whereas missense mutations are integrated into the sarcomere. Thus, truncated cMyBP-C HCM mutants are expressed in a ratio of 1:5, wild type protein versus mutant, according to Helms et al., 2014 [131]. It is thought that on mRNA level mutants are formed in the same amount as wild type. However, there seems to be an imbalance in the translation of the mutant versus wild type protein, which has been described by Helms et al., 2014, for several HCM mutations, with protein levels being highly dependent on the type of mutation. Similar results have been published by Tripathi et al., 2011, who determined the amount of various myosin heavy chain HCM mutants in soleus muscle and cardiac muscle [132]. They found reduced amounts of mutant protein to ca. 30–60% of the wild type protein dependent on the mutation. mRNA transcripts were unaffected indicating that either translation is downregulated by specific micro-RNAs (miRs) or long non-coding RNAs (lncRNAs), or the resulting proteins are unstable and disposed. On the other hand, Montag et al., 2018, showed that also mRNA levels could vary; they determined different levels of mutant mRNA as well as protein for ß-MHC p.G716R [133]. The mutant mRNA was predominant with 89%, while protein was only present to 29.9%. The higher the imbalance, the earlier the disease will onset and the worse is the prognosis [132]. Similar observations have been made also for other sarcomeric protein mutants as cMyBP-C [134]. Unfortunately, no similar studies have been performed for RCM mutations up to date, but it is plausible that this allelic imbalance is not a typical feature of HCM, but also occurs in other cardiomyopathies. In a mouse model, where different transgenic mice strains expressed the RCM mutant p.cTnI-R192H at different levels, Li et al., 2013, described a dose-dependency of diastolic dysfunction, stiffness and premature death [135]. Severity, mortality and early onset increased with increased levels of mutant protein. Thus, for pediatric RCM one would assume that mutant to wild type ratios would differ largely due to the early onset and severity. This imbalance in protein expression could result in an imbalance of sarcomeric contractile function and contribute to reduced sarcomeric stability. In fact, we observed breaks and clustering of reconstituted thin filaments with the infantile RCM mutations p.cTnI-R170G/W, though this might not be typical for RCM only [67]. Moreover, the pattern of cardiomyocytes showing different amounts of mutant and wild type proteins might contribute to the dysfunction of the myocardium [136,137]. In different cardiomyocytes of a tissue mRNAs are formed in different amounts at random, leading to different expression levels of wild type and HCM mutant proteins. Such an imbalance not only might be responsible for myocyte disarray, but also be the reason for asynchronous contraction (increased risk of lethal arrhythmia), enhanced stretch stress with subsequent activation of specific pathways as the fibrotic pathways, death pathways etc. Similar problems might also occur in other cardiomyopathy types.





4. Problems and Prospects in RCM


4.1. Diversity and Diagnostic Disparity of Cardiomyopathies


Many novel mutations have been detected in the last years and have been correlated to cardiomyopathies, and in most cases pathogenicity classification was performed according to the ACMG guidelines, though the strength of evidence is not always fully reported [138]. Furthermore, obtaining strong evidence for pathogenicity is often difficult due to small family sizes, incomplete segregation analysis and study of family members, as well as lack of mechanistic investigations, nicely reviewed by Burke et al., 2016 [139].



The boundaries especially between HCM and RCM are not clear [140]. There is also an overlap with LVNC and even DCM since many sarcomeric disease genes are identical for RCM, HCM, DCM and LVNC. Thus, one might assume that the positions of the mutations within the affected genes differ in the various cardiomyopathy types. However, this often is not the case. Thus, with a few exceptions most of the HCM mutations and the few known DCM mutations in TNNI3 are also clustered in the regulatory C-terminus of the resulting cTnI protein [141]. Whereas the p.Y122H and p.E413K desmin RCM mutations are located in a different domain than the DCM mutations, as discussed above. Furthermore, different mutations at the same position in a gene may lead to different cardiomyopathy types. For example, mutations in TNNI3 lead to HCM or RCM, the p.R145G replacement in cTnI induced HCM, the p.R145W replacement RCM [52,142]. Members of one family may even develop a different cardiomyopathy type despite carrying the same mutation as was described for p.cTnI-R145W in a large Korean family [143]. Some members developed HCM, others RCM, or even no disease phenotype. Nevertheless, p.cTnI-R145W is classified as a RCM inducing mutation and was first described by Mogensen et al., 2003 [52]. On the other hand, up to date amino acid replacements at the position R170 in the mobile C-terminus of cTnI seem to be linked exclusively to RCM. p.R170G/W lead to infantile severe RCM, and also the p.R170Q exchange, identified in a South African family, was classified as an RCM mutant with mild focal hypertrophy and early onset [63,67]. In another earlier study by Kaski et al., 2009, however, p.cTnI-R170Q was identified in children with HCM with an early onset (<13 y) [68]. Thus, it remains unclear, if the clinical classification into HCM and RCM is unambiguous, since sometimes also RCM patients develop a mild hypertrophy.



Such a diversity in mutation-cardiomyopathy correlations complicates a phenotype prediction based on a mutation. Surely, the location of the amino acid replacement within the affected protein is important for the development of a cardiomyopathy. For example, arginine 170 is located in the second actin/tropomyosin binding site of the regulatory C-terminus of cTnI. A reduced affinity to this binding site, which is determined by the type of amino acid exchange, reduces the inhibitory capacity of cTnI, facilitates the interaction of the cTnI switch region with cTnC [67]. This interaction again affects the calcium affinity of cTnC and calcium sensitivity of the actin-myosin interaction, promoting contraction and impairing relaxation and affecting energy consumption. Subsequently, the Ca2+-homeostasis in the cell is disturbed affecting signaling cascades. The resulting contractile dysfunction might impair the structural integrity of sarcomeres and, in concert with altered protein expression and altered interactions with associated proteins as well as altered post-translational modifications, might pivotally contribute to the specific phenotype. In addition, it is thought that modifiers as sex hormones, polymorphisms in other genes (exons and introns) or even other mutations also contribute to the disease phenotype [125,144,145]. A specific feature of RCM is protein aggregation. In case of protein aggregates due to sarcomeric or sarcomere associated protein variants, sarcomere structure is disrupted leading to contractile dysfunction and stiffness.




4.2. Development of the RCM Phenotype: An Integrated Approach


In summary, a clear differentiation of RCM and HCM based on the underlying mutations and clinical diagnosis is still very difficult. There is a strong need for further detailed mechanistic studies and broad genetic testing to obtain a better understanding of genotype-phenotype correlations. Because of the many overlapping characteristics and of familial HCM and RCM phenotypes within the same family, Burke et al., 2016, proposed that RCM might be a special, more severe form of HCM, but not an independent cardiomyopathy [139]. However, there are distinct clinical specificities of RCM, as for example the extraordinary stiffness of ventricles and pulmonary hypertension due to the high pressure in the ventricles. Some molecular features seem to be promising to explain the characteristic RCM phenotype, such as protein expression, allelic imbalance, aggregation phenomena connected with impaired protein quality control, and sarcomeric dysfunction including diastolic dysfunction due to increased Ca2+-sensitivity and ADP accumulation. Taking all what is known into consideration, RCM might develop in two ways (Figure 6): one starts from mutant sarcomeric protein with or without altered protein expression in comparison to the wild type protein. A lower mutant protein level might induce haploinsufficiency, inducing contractile dysfunction via impaired sarcomeric dynamics, sarcomeric structure and inter- and extra-sarcomeric protein-protein interactions. Contractile dysfunction including disturbed structural integrity of the sarcomere can also be induced by the mutation itself. An increased protein expression or protein stability might lead to an excess of mutant protein which has to be degraded. Modifiers, as for example additional intronic polymorphisms or mutations which might affect gene expression and/or alterations in the interaction with components of the protein control system, might lead to protein aggregations disrupting sarcomeric structure and inducing contractile dysfunction. All these features might finally result in enhanced ventricle stiffness and a higher risk of malignant arrhythmia. Cell-to-cell imbalance could further amplify the effects. The other pathway involves mutations in non-sarcomeric proteins, leading to protein aggregates between myofibers which may also affect contractile function, increase stiffness and the risk of malignant arrhythmia. A detailed understanding of these correlations would be helpful to develop specific therapies which are missing up to date.




4.3. Therapeutic Options


The current treatment of genetic RCM mainly follows general heart failure management, e.g., ACE inhibitors, ß-blockers, Ca2+-desensitizers and anticoagulation therapy. In a progressed state of the disease, a left ventricular assist device is often used to bridge the time gap to heart transplantation. Thus, no specific therapy exists for RCM. Therapeutic options based on the RCM model described here could additionally include targeting translation of mutant proteins via miRs or lncRNAs, or targeting contractile function using for example calcium desensitizers as epigallocatechin or ranolazin, as proposed by Mosqueira et al., 2018, which promotes Ca2+-efflux via NCX and counteracts reduced blood supply, thus inhibiting malignant arrhythmia [146]. In this study, several HCM mutations in the MYH7 gene were investigated using isogenic pluripotent stem cell-derived cardiomyocytes to study their resultant properties. The authors found energy depletion to be a core factor for hypertrophy and also identified several changes in protein and RNA expression by transcriptomics. They further propose gene modifiers and lncRNAs as therapeutic targets. There are few more examples that targeting miRs or lncRNAs might be successful, too [147,148]. In DCM, fibrosis is a major problem. Zhang et al., 2019, found that miR132 is reduced in cardiomyocytes of DCM rat models [149]. miR132 mainly regulates the PTEN gene. Upregulation of miR132 or silenced PTEN repressed fibrosis via the PI3/Akt pathway. Up to date, no such studies exist for RCM therapy using lncRNA or miRs/siRNA, and only few studies concerning the effects of the calcium desensitizer epigallocatechin. Zhang et al., 2015, showed in a restrictive mouse model that epigallocatechin could restore diastolic function [150]. Thus, the sarcomere is also a promising target for drugs. Especially for pediatric RCM, it would be helpful at least to postpone the time point for heart transplantation.



As formation of protein aggregates also seems to be an important feature in RCM, similar therapeutic approaches as implemented for e.g. amyloidosis may also be conceivable for treatment of RCM. Here, the formation of aggregates could be reduced or prevented e.g. by tetramere stabilization with Tafamidis or Diflunisal, or by disruption of oligomeres again by epigallocatechin or by doxycycline and taurosodeoxycholic acid [151]. Furthermore, the use of monoclonal antibodies directed against the aggregated protein might be an option, as recently proposed by Popkova et al., 2020, for the treatment of amyloidosis [152]. A stimulation of ubiquitinylation and HDAC6 for the disposal of aggregates in autophagosomes or lysosomes is also conceivable [153,154].





5. Conclusions


Cardiomyopathies, a complex of cardiac diseases classified into five main forms, result from inherited and acquired causes. Inherited cardiomyopathies are caused by mutations often, but not exclusively, located in genes encoding for sarcomeric proteins. While many studies have been conducted on the more common HCM and DCM, data on the rarer RCM remain scarce. Though RCM has distinctive clinical features such as increased myocardial stiffness and atrial dilation, in many cases the phenotype is not clear or shows features of e.g. both HCM and RCM, making proper classification difficult.



On the molecular level, there seem to be two particular mechanisms involved in RCM, which can occur alone or in conjunction. On the one hand, strongly increased myofilament Ca2+-sensitivity and altered protein-protein interactions of the contractile proteins are the most common functional alterations observed in inherited RCM. On the other hand, infiltrative processes including aggregation and impaired protein quality control have mostly been described for mutations in non-sarcomeric proteins, but no such studies have been performed with sarcomeric proteins. Moreover, additional factors apart from the genetic mutation can influence the severity, prognosis, and the clinical phenotype of the disease. So far, it is not clear which mechanism (or combination of mechanisms) finally determines the manifestation of RCM vs. other cardiomyopathy phenotypes.



Further mechanistic studies are thus crucial for a deeper understanding of the phenotype-genotype linkage. Furthermore, they could provide the basis for the development of specific therapeutic approaches for RCM, taking into account both the contractile as well as the infiltrative mechanisms.



Additionally, other genes and variants than those known today might also be associated with RCM. Thus, genetic testing of RCM patients with a probably heritable disease and relatives should generally be performed, especially in the young, as well as of patients with idiopathic RCM or in cases of unexplained cardiac death. In familial cases, the greatest possible coverage of the family by genetic testing might help to uncover additional variants modifying the manifestation of different phenotypes among family members. Definitely, still more data is needed to understand RCM on the genetic and mechanistic level.







Author Contributions


General conception: D.C., K.J.; literature research, writing and revision of the manuscript: D.C., H.B., R.H., K.J.; conception and creation of figures: D.C., K.J., H.B.; EM images: R.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Heinrich-und-Alma-Vogelsang Fund (H.B.) and the German Academic Exchange Service (R.H.) The APC was funded by the Open-Access Publishing Fund of Ruhr-University Bochum and the German Research Foundation.




Acknowledgments


We gratefully thank Andreas Mügge for revising the manuscript and Hans Georg Mannherz, Setsuko Fujita-Becker and Rasmus Schröder for performing the electron microscopy.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hanson, J.; Huxley, H.E. Structural Basis of the Cross-Striations in Muscle. Nature 1953, 172, 530–532. [Google Scholar] [CrossRef] [PubMed]

	



Huxley, A.F.; Niedergerke, R. Structural Changes in Muscle during Contraction. Nature 1954, 173, 971–973. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, P.; Andersson, B.; Arbustini, E.; Bilinska, Z.; Cecchi, F.; Charron, P.; Dubourg, O.; Kühl, U.; Maisch, B.; McKenna, W.J.; et al. Classification of the Cardiomyopathies: A Position Statement from the European Society of Cardiology Working Group on Myocardial and Pericardial Diseases. Eur. Heart J. 2008, 29, 270–276. [Google Scholar] [CrossRef] [PubMed]

	



Nugent, A.W.; Daubeney, P.E.F.; Chondros, P.; Carlin, J.B.; Colan, S.D.; Cheung, M.; Davis, A.M.; Chow, C.W.; Weintraub, R.G. Clinical Features and Outcomes of Childhood Hypertrophic Cardiomyopathy: Results from a National Population-Based Study. Circulation 2005, 112, 1332–1338. [Google Scholar] [CrossRef] [PubMed]

	



Jefferies, J.L.; Wilkinson, J.D.; Sleeper, L.A.; Colan, S.D.; Lu, M.; Pahl, E.; Kantor, P.F.; Everitt, M.D.; Webber, S.A.; Kaufman, B.D.; et al. Cardiomyopathy Phenotypes and Outcomes for Children With Left Ventricular Myocardial Noncompaction: Results From the Pediatric Cardiomyopathy Registry. J. Card. Fail. 2015, 21, 877–884. [Google Scholar] [CrossRef]

	



Moric-Janiszewska, E.; Markiewicz-Łoskot, G. Genetic Heterogeneity of Left Ventricular Noncompaction Cardiomyopathy. Clin. Cardiol. 2008, 31, 201–204. [Google Scholar] [CrossRef] [PubMed]

	



Miszalski-Jamka, K.; Jefferies, J.L.; Mazur, W.; Głowacki, J.; Hu, J.; Lazar, M.; Gibbs, R.A.; Liczko, J.; Kłyś, J.; Venner, E.; et al. Novel Genetic Triggers and Genotype-Phenotype Correlations in Patients with Left Ventricular Noncompaction. Circ. Cardiovasc. Genet. 2017, 10. [Google Scholar] [CrossRef]

	



England, J.; Pang, K.L.; Parnall, M.; Haig, M.I.; Loughna, S. Cardiac Troponin T Is Necessary for Normal Development in the Embryonic Chick Heart. J. Anat. 2016, 229, 436–449. [Google Scholar] [CrossRef]

	



Groeneweg, J.A.; Bhonsale, A.; James, C.A.; Te Riele, A.S.; Dooijes, D.; Tichnell, C.; Murray, B.; Wiesfeld, A.C.P.; Sawant, A.C.; Kassamali, B.; et al. Clinical Presentation, Long-Term Follow-Up, and Outcomes of 1001 Arrhythmogenic Right Ventricular Dysplasia/ Cardiomyopathy Patients and Family Members. Circ. Cardiovasc. Genet. 2015, 8, 437–446. [Google Scholar] [CrossRef]

	



Beffagna, G.; Zorzi, A.; Pilichou, K.; Perazzolo Marra, M.; Rigato, I.; Corrado, D.; Migliore, F.; Rampazzo, A.; Bauce, B.; Basso, C.; et al. Arrhythmogenic Cardiomyopathy. Eur. Heart J. 2020, 22, 1147–1148. [Google Scholar] [CrossRef]

	



Corrado, D.; Basso, C.; Judge, D.P. Arrhythmogenic Cardiomyopathy. Circ. Res. 2017, 121, 785–802. [Google Scholar] [CrossRef] [PubMed]

	



Merner, N.D.; Hodgkinson, K.A.; Haywood, A.F.M.; Connors, S.; French, V.M.; Drenckhahn, J.D.; Kupprion, C.; Ramadanova, K.; Thierfelder, L.; McKenna, W.; et al. Arrhythmogenic Right Ventricular Cardiomyopathy Type 5 Is a Fully Penetrant, Lethal Arrhythmic Disorder Caused by a Missense Mutation in the TMEM43 Gene. Am. J. Hum. Genet. 2008, 82, 809–821. [Google Scholar] [CrossRef]

	



Quarta, G.; Syrris, P.; Ashworth, M.; Jenkins, S.; Zuborne Alapi, K.; Morgan, J.; Muir, A.; Pantazis, A.; McKenna, W.J.; Elliott, P.M. Mutations in the Lamin A/C Gene Mimic Arrhythmogenic Right Ventricular Cardiomyopathy. Eur. Heart J. 2012, 33, 1128–1136. [Google Scholar] [CrossRef] [PubMed]

	



Van Rijsingen, I.A.W.; Van Der Zwaag, P.A.; Groeneweg, J.A.; Nannenberg, E.A.; Jongbloed, J.D.H.; Zwinderman, A.H.; Pinto, Y.M.; Lekanne Dit Deprez, R.H.; Post, J.G.; Tan, H.L.; et al. Outcome in Phospholamban R14del Carriers Results of a Large Multicentre Cohort Study. Circ. Cardiovasc. Genet. 2014, 7, 455–465. [Google Scholar] [CrossRef]

	



Veerman, C.C.; Wilde, A.A.M.; Lodder, E.M. The Cardiac Sodium Channel Gene SCN5A and Its Gene Product NaV1.5: Role in Physiology and Pathophysiology. Gene 2015, 573, 177–187. [Google Scholar] [CrossRef]

	



Taylor, M.; Graw, S.; Sinagra, G.; Barnes, C.; Slavov, D.; Brun, F.; Pinamonti, B.; Salcedo, E.E.; Sauer, W.; Pyxaras, S.; et al. Genetic Variation in Titin in Arrhythmogenic Right Ventricular Cardiomyopathy-Overlap Syndromes. Circulation 2011, 124, 876–885. [Google Scholar] [CrossRef]

	



Brun, F.; Barnes, C.V.; Sinagra, G.; Slavov, D.; Barbati, G.; Zhu, X.; Graw, S.L.; Spezzacatene, A.; Pinamonti, B.; Merlo, M.; et al. Titin and Desmosomal Genes in the Natural History of Arrhythmogenic Right Ventricular Cardiomyopathy. J. Med. Genet. 2014, 51, 669–676. [Google Scholar] [CrossRef] [PubMed]

	



Oz, S.; Yonath, H.; Visochyk, L.; Ofek, E.; Landa, N.; Reznik-Wolf, H.; Ortiz-Genga, M.; Monserrat, L.; Ben-Gal, T.; Goitein, O.; et al. Reduction in Filamin C Transcript Is Associated with Arrhythmogenic Cardiomyopathy in Ashkenazi Jews. Int. J. Cardiol. 2020, 317, 133–138. [Google Scholar] [CrossRef]

	



Hall, C.L.; Akhtar, M.M.; Sabater-Molina, M.; Futema, M.; Asimaki, A.; Protonotarios, A.; Dalageorgou, C.; Pittman, A.M.; Suarez, M.P.; Aguilera, B.; et al. Filamin C Variants Are Associated with a Distinctive Clinical and Immunohistochemical Arrhythmogenic Cardiomyopathy Phenotype. Int. J. Cardiol. 2020, 307, 101–108. [Google Scholar] [CrossRef] [PubMed]

	



Asimaki, A.; Syrris, P.; Wichter, T.; Matthias, P.; Saffitz, J.E.; McKenna, W.J. A Novel Dominant Mutation in Plakoglobin Causes Arrhythmogenic Right Ventricular Cardiomyopathy. Am. J. Hum. Genet. 2007, 81, 964–973. [Google Scholar] [CrossRef] [PubMed]

	



Bergmann, O.; Bhardwaj, R.D.; Bernard, S.; Zdunek, S.; Barnabé-Heide, F.; Walsh, S.; Zupicich, J.; Alkass, K.; Buchholz, B.A.; Druid, H.; et al. Evidence for Cardiomyocyte Renewal in Humans. Science 2009, 324, 98–102. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, R.M.; Fidler, L. Right Ventricular Cardiomyopathy in the Young: An Emerging Challenge. Hear. Rhythm 2009, 6, 571–575. [Google Scholar] [CrossRef] [PubMed]

	



Kriebel, T.; Korte, T.; Kandolf, R.; Jux, C.; Windhagen-Mahnert, B.; Bökenkamp, R.; Bertram, H.; Paul, T. Arrhythmogene Rechtsventrikuläre Dysplasie/Kardiomyopathie -Diagnostik Im Kindesalter. Z. Kardiol. 2003, 92, 418–424. [Google Scholar] [CrossRef] [PubMed]

	



Dungan, W.T.; Garson, A.; Gillette, P.C. Arrhythmogenic Right Ventricular Dysplasia: A Cause of Ventricular Tachycardia in Children with Apparently Normal Hearts. Am. Heart J. 1981, 102, 745–750. [Google Scholar] [CrossRef]

	



Pinto, Y.M.; Elliott, P.M.; Arbustini, E.; Adler, Y.; Anastasakis, A.; Böhm, M.; Duboc, D.; Gimeno, J.; De Groote, P.; Imazio, M.; et al. Proposal for a Revised Definition of Dilated Cardiomyopathy, Hypokinetic Non-Dilated Cardiomyopathy, and Its Implications for Clinical Practice: A Position Statement of the ESC Working Group on Myocardial and Pericardial Diseases. Eur. Heart J. 2016, 37, 1850–1858. [Google Scholar] [CrossRef]

	



Fadl, S.; Wåhlander, H.; Fall, K.; Cao, Y.; Sunnegårdh, J. The Highest Mortality Rates in Childhood Dilated Cardiomyopathy Occur during the First Year after Diagnosis. Acta Paediatr. Int. J. Paediatr. 2018, 107, 672–677. [Google Scholar] [CrossRef] [PubMed]

	



Lipshultz, S.E.; Cochran, T.R.; Briston, D.A.; Brown, S.R.; Sambatakos, P.J.; Miller, T.L.; Carrillo, A.A.; Corcia, L.; Sanchez, J.E.; Diamond, M.B.; et al. Pediatric Cardiomyopathies: Causes, Epidemiology, Clinical Course, Preventive Strategies and Therapies. Future Cardiol. 2013, 9, 817–848. [Google Scholar] [CrossRef]

	



Burkett, E.L.; Hershberger, R.E. Clinical and Genetic Issues in Familial Dilated Cardiomyopathy. J. Am. Coll. Cardiol. 2005, 45, 969–981. [Google Scholar] [CrossRef] [PubMed]

	



Hershberger, R.E.; Hedges, D.J.; Morales, A. Dilated Cardiomyopathy: The Complexity of a Diverse Genetic Architecture. Nat. Rev. Cardiol. 2013, 10, 531–547. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Serra, A.; Toro, R.; Sarquella-Brugada, G.; de Gonzalo-Calvo, D.; Cesar, S.; Carro, E.; Llorente-Cortes, V.; Iglesias, A.; Brugada, J.; Brugada, R.; et al. Genetic Basis of Dilated Cardiomyopathy. Int. J. Cardiol. 2016, 224, 461–472. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.-J.; Chen, C.-S.; Yiang, G.-T.; Tsai, A.P.-Y.; Liao, W.-T.; Wu, M.-Y. Advanced Evolution of Pathogenesis Concepts in Cardiomyopathies. J. Clin. Med. 2019, 8, 520. [Google Scholar] [CrossRef] [PubMed]

	



Haas, J.; Frese, K.S.; Peil, B.; Kloos, W.; Keller, A.; Nietsch, R.; Feng, Z.; Müller, S.; Kayvanpour, E.; Vogel, B.; et al. Atlas of the Clinical Genetics of Human Dilated Cardiomyopathy. Eur. Heart J. 2015, 36, 1123–1135. [Google Scholar] [CrossRef] [PubMed]

	



Hinson, J.T.; Chopra, A.; Nafissi, N.; Polacheck, W.J.; Benson, C.C.; Swist, S.; Gorham, J.; Yang, L.; Schafer, S.; Sheng, C.C.; et al. Titin Mutations in IPS Cells Define Sarcomere Insufficiency as a Cause of Dilated Cardiomyopathy. Science 2015, 349, 982–986. [Google Scholar] [CrossRef] [PubMed]

	



Franaszczyk, M.; Chmielewski, P.; Truszkowska, G.; Stawinski, P.; Michalak, E.; Rydzanicz, M.; Sobieszczanska-Malek, M.; Pollak, A.; Szczygieł, J.; Kosinska, J.; et al. Titin Truncating Variants in Dilated Cardiomyopathy -Prevalence and Genotype-Phenotype Correlations. PLoS ONE 2017, 12, e0169007. [Google Scholar] [CrossRef] [PubMed]

	



Gigli, M.; Begay, R.L.; Morea, G.; Graw, S.L.; Sinagra, G.; Taylor, M.R.G.; Granzier, H.; Mestroni, L. A Review of the Giant Protein Titin in Clinical Molecular Diagnostics of Cardiomyopathies. Front. Cardiovasc. Med. 2016, 3. [Google Scholar] [CrossRef] [PubMed]

	



Jansweijer, J.A.; Nieuwhof, K.; Russo, F.; Hoorntje, E.T.; Jongbloed, J.D.H.; Lekanne Deprez, R.H.; Postma, A.V.; Bronk, M.; van Rijsingen, I.A.W.; de Haij, S.; et al. Truncating Titin Mutations Are Associated with a Mild and Treatable Form of Dilated Cardiomyopathy. Eur. J. Heart Fail. 2017, 19, 512–521. [Google Scholar] [CrossRef] [PubMed]

	



Herrero Galán, E.; Dominguez, F.; Martinez-Martin, I.; Sanchez-Gonzalez, C.; Vicente, N.; Lalaguna, L.; Bonzon-Kulichenko, E.; Calvo, E.; Gonzalez-Lopez, E.; Cobo-Marcos, M.; et al. Conserved Cysteines in Titin Sustain the Mechanical Function of Cardiomyocytes. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Maron, B.J.; Rowin, E.J.; Casey, S.A.; Haas, T.S.; Chan, R.H.M.; Udelson, J.E.; Garberich, R.F.; Lesser, J.R.; Appelbaum, E.; Manning, W.J.; et al. Risk Stratification and Outcome of Patients with Hypertrophic Cardiomyopathy ≥60 Years of Age. Circulation 2013, 127, 585–593. [Google Scholar] [CrossRef]

	



Maron, B.J.; Rowin, E.J.; Casey, S.A.; Link, M.S.; Lesser, J.R.; Chan, R.H.M.; Garberich, R.F.; Udelson, J.E.; Maron, M.S. Hypertrophic Cardiomyopathy in Adulthood Associated with Low Cardiovascular Mortality with Contemporary Management Strategies. J. Am. Coll. Cardiol. 2015, 65, 1915–1928. [Google Scholar] [CrossRef]

	



Aro, A.L.; Nair, S.G.; Reinier, K.; Jayaraman, R.; Stecker, E.C.; Uy-Evanado, A.; Rusinaru, C.; Jui, J.; Chugh, S.S. Population Burden of Sudden Death Associated with Hypertrophic Cardiomyopathy. Circulation 2017, 136, 1665–1667. [Google Scholar] [CrossRef]

	



Teekakirikul, P.; Zhu, W.; Huang, H.C.; Fung, E. Hypertrophic Cardiomyopathy: An Overview of Genetics and Management. Biomolecules 2019, 9, 878. [Google Scholar] [CrossRef] [PubMed]

	



Marian, A.J.; Wu, Y.; Lim, D.S.; McCluggage, M.; Youker, K.; Yu, Q.T.; Brugada, R.; DeMayo, F.; Quinones, M.; Roberts, R. A Transgenic Rabbit Model for Human Hypertrophic Cardiomyopathy. J. Clin. Investig. 1999, 104, 1683–1692. [Google Scholar] [CrossRef]

	



Van Dijk, S.J.; Dooijes, D.; Dos Remedios, C.; Michels, M.; Lamers, J.M.J.; Winegrad, S.; Schlossarek, S.; Carrier, L.; Cate, F.J.T.; Stienen, G.J.M.; et al. Cardiac Myosin-Binding Protein C Mutations and Hypertrophic Cardiomyopathy. Circulation 2009, 119, 1473–1483. [Google Scholar] [CrossRef] [PubMed]

	



Seidman, C.E.; Seidman, J.G. Identifying Sarcomere Gene Mutations in Hypertrophic Cardiomyopathy: A Personal History. Circ. Res. 2011, 108, 743–750. [Google Scholar] [CrossRef] [PubMed]

	



Schober, T.; Huke, S.; Venkataraman, R.; Gryshchenko, O.; Kryshtal, D.; Hwang, H.S.; Baudenbacher, F.J.; Knollmann, B.C. Myofilament Ca Sensitization Increases Cytosolic Ca Binding Affinity, Alters Intracellular Ca Homeostasis, and Causes Pause-Dependent Ca-Triggered Arrhythmia. Circ. Res. 2012, 111, 170–179. [Google Scholar] [CrossRef] [PubMed]

	



Knollmann, B.C.; Kirchhof, P.; Sirenko, S.G.; Degen, H.; Greene, A.E.; Schober, T.; Mackow, J.C.; Fabritz, L.; Potter, J.D.; Morad, M. Familial Hypertrophic Cardiomyopathy-Linked Mutant Troponin T Causes Stress-Induced Ventricular Tachycardia and Ca2+-Dependent Action Potential Remodeling. Circ. Res. 2003, 92, 428–436. [Google Scholar] [CrossRef] [PubMed]

	



Sequeira, V.; Najafi, A.; Wijnker, P.J.M.; Dos Remedios, C.G.; Michels, M.; Kuster, D.W.D.; Van Der Velden, J. ADP-Stimulated Contraction: A Predictor of Thin-Filament Activation in Cardiac Disease. Proc. Natl. Acad. Sci. USA 2015, 112, E7003–E7012. [Google Scholar] [CrossRef] [PubMed]

	



Sequeira, V.; Bertero, E.; Maack, C. Energetic Drain Driving Hypertrophic Cardiomyopathy. FEBS Lett. 2019, 593, 1616–1626. [Google Scholar] [CrossRef]

	



Tariq, M. Importance of Genetic Evaluation and Testing in Pediatric Cardiomyopathy. World J. Cardiol. 2014, 6, 1156. [Google Scholar] [CrossRef]

	



Nihoyannopoulos, P.; Dawson, D. Restrictive Cardiomyopathies. Eur. J. Echocardiogr. 2009, 10. [Google Scholar] [CrossRef]

	



Yamamoto, H.; Yokochi, T. Transthyretin Cardiac Amyloidosis: An Update on Diagnosis and Treatment. ESC Hear. Fail. 2019, 6, 1128–1139. [Google Scholar] [CrossRef] [PubMed]

	



Mogensen, J.; Kubo, T.; Duque, M.; Uribe, W.; Shaw, A.; Murphy, R.; Gimeno, J.R.; Elliott, P.; McKenna, W.J. Idiopathic Restrictive Cardiomyopathy Is Part of the Clinical Expression of Cardiac Troponin I Mutations. J. Clin. Investig. 2003, 111, 209–216. [Google Scholar] [CrossRef] [PubMed]

	



Gallego-Delgado, M.; Delgado, J.F.; Brossa-Loidi, V.; Palomo, J.; Marzoa-Rivas, R.; Perez-Villa, F.; Salazar-Mendiguchía, J.; Ruiz-Cano, M.J.; Gonzalez-Lopez, E.; Padron-Barthe, L.; et al. Idiopathic Restrictive Cardiomyopathy Is Primarily a Genetic Disease. J. Am. Coll. Cardiol. 2016, 67, 3021–3023. [Google Scholar] [CrossRef] [PubMed]

	



Kaski, J.P.; Syrris, P.; Burch, M.; Tomé Esteban, M.T.; Fenton, M.; Christiansen, M.; Andersen, P.S.; Sebire, N.; Ashworth, M.; Deanfield, J.E.; et al. Idiopathic Restrictive Cardiomyopathy in Children Is Caused by Mutations in Cardiac Sarcomere Protein Genes. Heart 2008, 94, 1478–1484. [Google Scholar] [CrossRef]

	



Kostareva, A.; Kiselev, A.; Gudkova, A.; Frishman, G.; Ruepp, A.; Frishman, D.; Smolina, N.; Tarnovskaya, S.; Nilsson, D.; Zlotina, A.; et al. Genetic Spectrum of Idiopathic Restrictive Cardiomyopathy Uncovered by Next-Generation Sequencing. PLoS ONE 2016, 11, e0163362. [Google Scholar] [CrossRef]

	



Pruszczyk, P.; Kostera-Pruszczyk, A.; Shatunov, A.; Goudeau, B.; Dramiñska, A.; Takeda, K.; Sambuughin, N.; Vicart, P.; Strelkov, S.V.; Goldfarb, L.G.; et al. Restrictive Cardiomyopathy with Atrioventricular Conduction Block Resulting from a Desmin Mutation. Int. J. Cardiol. 2007, 117, 244–253. [Google Scholar] [CrossRef]

	



Brodehl, A.; Hakimi, S.A.P.; Stanasiuk, C.; Ratnavadivel, S.; Hendig, D.; Gaertner, A.; Gerull, B.; Gummert, J.; Paluszkiewicz, L.; Milting, H. Restrictive Cardiomyopathy Is Caused by a Novel Homozygous Desmin (DES) Mutation p.Y122H Leading to a Severe Filament Assembly Defect. Genes 2019, 10, 918. [Google Scholar] [CrossRef]

	



Ojrzyńska, N.; Bilińska, Z.T.; Franaszczyk, M.; Płoski, R.; Grzybowski, J. Restrictive Cardiomyopathy Due to Novel Desmin Gene Mutation. Kardiol. Pol. 2017, 75, 723. [Google Scholar] [CrossRef]

	



Kiselev, A.; Vaz, R.; Knyazeva, A.; Khudiakov, A.; Tarnovskaya, S.; Liu, J.; Sergushichev, A.; Kazakov, S.; Frishman, D.; Smolina, N.; et al. De Novo Mutations in FLNC Leading to Early-Onset Restrictive Cardiomyopathy and Congenital Myopathy. Hum. Mutat. 2018, 39, 1161–1172. [Google Scholar] [CrossRef]

	



Brodehl, A.; Gaertner-Rommel, A.; Klauke, B.; Grewe, S.A.; Schirmer, I.; Peterschröder, A.; Faber, L.; Vorgerd, M.; Gummert, J.; Anselmetti, D.; et al. The Novel AB-Crystallin (CRYAB) Mutation p.D109G Causes Restrictive Cardiomyopathy. Hum. Mutat. 2017, 38, 947–952. [Google Scholar] [CrossRef]

	



Gomes, A.V.; Liang, J.; Potter, J.D. Mutations in Human Cardiac Troponin I That Are Associated with Restrictive Cardiomyopathy Affect Basal ATPase Activity and the Calcium Sensitivity of Force Development. J. Biol. Chem. 2005, 280, 30909–30915. [Google Scholar] [CrossRef] [PubMed]

	



Davis, J.; Wen, H.; Edwards, T.; Metzger, J.M. Allele and Species Dependent Contractile Defects by Restrictive and Hypertrophic Cardiomyopathy-Linked Troponin I Mutants. J. Mol. Cell. Cardiol. 2008, 44, 891–904. [Google Scholar] [CrossRef]

	



Mouton, J.; Pellizzon, A.; Goosen, A.; Kinnear, C.; Herbst, P.; Brink, P.; Moolman-Smook, J. Diagnostic Disparity and Identification of Two TNNI3 Gene Mutations, One Novel and One Arising de Novo, in South African Patients with Restrictive Cardiomyopathy and Focal Ventricular Hypertrophy. Cardiovasc. J. Afr. 2015, 26, 63–69. [Google Scholar] [CrossRef] [PubMed]

	



van den Wijngaard, A.; Volders, P.; van Tintelen, J.P.; Jongbloed, J.D.H.; van den Berg, M.P.; Lekanne Deprez, R.H.; Mannens, M.M.A.M.; Hofmann, N.; Slegtenhorst, M.; Dooijes, D.; et al. Recurrent and Founder Mutations in the Netherlands: Cardiac Troponin I (TNNI3) Gene Mutations as a Cause of Severe Forms of Hypertrophic and Restrictive Cardiomyopathy. Netherlands Hear. J. 2011, 19, 344–351. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, Y.P.; Lu, C.X.; Zhao, X.Y.; Liang, R.J.; Lian, H.; Routledge, M.; Wu, W.; Zhang, X.; Fan, Z.J. Restrictive Cardiomyopathy Resulting from a Troponin I Type 3 Mutation in a Chinese Family. Chin. Med. Sci. J. 2016, 31, 1–7. [Google Scholar] [CrossRef]

	



Kostareva, A.; Gudkova, A.; Sjöberg, G.; Mörner, S.; Semernin, E.; Krutikov, A.; Shlyakhto, E.; Sejersen, T. Deletion in TNNI3 Gene Is Associated with Restrictive Cardiomyopathy. Int. J. Cardiol. 2009, 131, 410–412. [Google Scholar] [CrossRef] [PubMed]

	



Cimiotti, D.; Fujita-Becker, S.; Möhner, D.; Smolina, N.; Budde, H.; Wies, A.; Morgenstern, L.; Gudkova, A.; Sejersen, T.; Sjöberg, G.; et al. Infantile Restrictive Cardiomyopathy: cTnIR170G/W Impair the Interplay of Sarcomeric Proteins and the Integrity of Thin Filaments. PLoS ONE 2020, 15, e0229227. [Google Scholar] [CrossRef]

	



Kaski, J.P.; Syrris, P.; Esteban, M.T.T.; Jenkins, S.; Pantazis, A.; Deanfield, J.E.; McKenna, W.J.; Elliott, P.M. Prevalence of Sarcomere Protein Gene Mutations in Preadolescent Children with Hypertrophic Cardiomyopathy. Circ. Cardiovasc. Genet. 2009, 2, 436–441. [Google Scholar] [CrossRef]

	



Shah, S.; Yogasundaram, H.; Basu, R.; Wang, F.; Paterson, D.I.; Alastalo, T.P.; Oudit, G.Y. Novel Dominant-Negative Mutation in Cardiac Troponin i Causes Severe Restrictive Cardiomyopathy. Circ. Hear. Fail. 2017, 10. [Google Scholar] [CrossRef]

	



Pantou, M.P.; Gourzi, P.; Gkouziouta, A.; Armenis, I.; Kaklamanis, L.; Zygouri, C.; Constantoulakis, P.; Adamopoulos, S.; Degiannis, D. A Case Report of Recessive Restrictive Cardiomyopathy Caused by a Novel Mutation in Cardiac Troponin I (TNNI3). BMC Med. Genet. 2019, 20, 1–6. [Google Scholar] [CrossRef]

	



Gambarin, F.I.; Tagliani, M.; Arbustini, E. Pure Restrictive Cardiomyopathy Associated with Cardiac Troponin I Gene Mutation: Mismatch between the Lack of Hypertrophy and the Presence of Disarray. Heart 2008, 94, 1257. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.W.; Hitz, M.P.; Andelfinger, G. Ventricular Septal Defect and Restrictive Cardiomyopathy in a Paediatric TNNI3 Mutation Carrier. Cardiol. Young 2010, 20, 574–576. [Google Scholar] [CrossRef] [PubMed]

	



Menon, S.C.; Michels, V.V.; Pellikka, P.A.; Ballew, J.D.; Karst, M.L.; Herron, K.J.; Nelson, S.M.; Rodeheffer, R.J.; Olson, T.M. Cardiac Troponin T Mutation in Familial Cardiomyopathy with Variable Remodeling and Restrictive Physiology. Clin. Genet. 2008, 74, 445–454. [Google Scholar] [CrossRef] [PubMed]

	



Miller, T.; Szczesna, D.; Housmans, P.R.; Zhao, J.; De Freitas, F.; Gomes, A.V.; Culbreath, L.; McCue, J.; Wang, Y.; Xu, Y.; et al. Abnormal Contractile Function in Transgenic Mice Expressing a Familial Hypertrophic Cardiomyopathy-Linked Troponin T (I79N) Mutation. J. Biol. Chem. 2001, 276, 3743–3755. [Google Scholar] [CrossRef]

	



Peddy, S.B.; Vricella, L.A.; Crosson, J.E.; Oswald, G.L.; Cohn, R.D.; Cameron, D.E.; Valle, D.; Loeys, B.L. Infantile Restrictive Cardiomyopathy Resulting from a Mutation in the Cardiac Troponin T Gene. Pediatrics 2006, 117, 1830–1833. [Google Scholar] [CrossRef]

	



Pinto, J.R.; Parvatiyar, M.S.; Jones, M.A.; Liang, J.; Potter, J.D. A Troponin T Mutation That Causes Infantile Restrictive Cardiomyopathy Increases Ca2+ Sensitivity of Force Development and Impairs the Inhibitory Properties of Troponin. J. Biol. Chem. 2008, 283, 2156–2166. [Google Scholar] [CrossRef]

	



Ploski, R.; Rydzanicz, M.; Ksiazczyk, T.M.; Franaszczyk, M.; Pollak, A.; Kosinska, J.; Michalak, E.; Stawinski, P.; Ziolkowska, L.; Bilinska, Z.T.; et al. Evidence for Troponin C (TNNC1) as a Gene for Autosomal Recessive Restrictive Cardiomyopathy with Fatal Outcome in Infancy. Am. J. Med. Genet. Part A 2016, 170, 3241–3248. [Google Scholar] [CrossRef]

	



Pinto, J.R.; Parvatiyar, M.S.; Jones, M.A.; Liang, J.; Ackerman, M.J.; Potter, J.D. A Functional and Structural Study of Tropon in C Mutations Related to Hypertrophic Cardiomyopathy. J. Biol. Chem. 2009, 284, 19090–19100. [Google Scholar] [CrossRef]

	



Pinto, J.R.; Reynaldo, D.P.; Parvatiyar, M.S.; Dweck, D.; Liang, J.; Jones, M.A.; Sorenson, M.M.; Potter, J.D. Strong Cross-Bridges Potentiate the Ca2+ Affinity Changes Produced by Hypertrophic Cardiomyopathy Cardiac Troponin C Mutants in Myofilaments: A Fast Kinetic Approach. J. Biol. Chem. 2011, 286, 1005–1013. [Google Scholar] [CrossRef]

	



Dorsch, L.M.; Kuster, D.W.D.; Jongbloed, J.D.H.; Boven, L.G.; van Spaendonck-Zwarts, K.Y.; Suurmeijer, A.J.H.; Vink, A.; du Marchie Sarvaas, G.J.; van den Berg, M.P.; van der Velden, J.; et al. The Effect of Tropomyosin Variants on Cardiomyocyte Function and Structure That Underlie Different Clinical Cardiomyopathy Phenotypes. Int. J. Cardiol. 2021, 323, 251–258. [Google Scholar] [CrossRef]

	



Peled, Y.; Gramlich, M.; Yoskovitz, G.; Feinberg, M.S.; Afek, A.; Polak-Charcon, S.; Pras, E.; Sela, B.A.; Konen, E.; Weissbrod, O.; et al. Titin Mutation in Familial Restrictive Cardiomyopathy. Int. J. Cardiol. 2014, 171, 24–30. [Google Scholar] [CrossRef] [PubMed]

	



Greenway, S.C.; Wilson, G.J.; Wilson, J.; George, K.; Kantor, P.F. Sudden Death in an Infant with Angina, Restrictive Cardiomyopathy, and Coronary Artery Bridging. An Unusual Phenotype for a β-Myosin Heavy Chain (MYH7) Sarcomeric Protein Mutation. Circ. Hear. Fail. 2012, 5, e92–e93. [Google Scholar]

	



Neagoe, O.; Ciobanu, A.; Diaconu, R.; Mirea, O.; Donoiu, I.; Militaru, C. A Rare Case of Familial Restrictive Cardiomyopathy with Mutations in MYH7 and ABCC9 Genes. Discoveries 2019, 7, e99. [Google Scholar] [CrossRef]

	



Fan, L.L.; Guo, S.; Jin, J.Y.; He, Z.J.; Zhao, S.P.; Xiang, R.; Zhao, W. Whole Exome Sequencing Identified a 13 Base Pair MYH7 Deletion-Mutation in a Patient with Restrictive Cardiomyopathy and Left Ventricle Hypertrophy. Ann. Clin. Lab. Sci. 2019, 49, 838–840. [Google Scholar]

	



Ware, S.M.; Quinn, M.E.; Ballard, E.T.; Miller, E.; Uzark, K.; Spicer, R.L. Pediatric Restrictive Cardiomyopathy Associated with a Mutation in β-Myosin Heavy Chain. Clin. Genet. 2008, 73, 165–170. [Google Scholar] [CrossRef]

	



Karam, S.; Raboisson, M.J.; Ducreux, C.; Chalabreysse, L.; Millat, G.; Bozio, A.; Bouvagnet, P. A de Novo Mutation of the Beta Cardiac Myosin Heavy Chain Gene in an Infantile Restrictive Cardiomyopathy. Congenit. Heart Dis. 2008, 3, 138–143. [Google Scholar] [CrossRef]

	



Wu, W.; Lu, C.X.; Wang, Y.N.; Liu, F.; Chen, W.; Liu, Y.T.; Han, Y.C.; Cao, J.; Zhang, S.Y.; Zhang, X. Novel Phenotype-Genotype Correlations of Restrictive Cardiomyopathy with Myosin-Binding Protein C (MYBPC3) Gene Mutations Tested by next-Generation Sequencing. J. Am. Heart Assoc. 2015, 4. [Google Scholar] [CrossRef]

	



Bahrudin, U.; Morisaki, H.; Morisaki, T.; Ninomiya, H.; Higaki, K.; Nanba, E.; Igawa, O.; Takashima, S.; Mizuta, E.; Miake, J.; et al. Ubiquitin-Proteasome System Impairment Caused by a Missense Cardiac Myosin-Binding Protein C Mutation and Associated with Cardiac Dysfunction in Hypertrophic Cardiomyopathy. J. Mol. Biol. 2008, 384, 896–907. [Google Scholar] [CrossRef]

	



Brodehl, A.; Ferrier, R.A.; Hamilton, S.J.; Greenway, S.C.; Brundler, M.A.; Yu, W.; Gibson, W.T.; Mckinnon, M.L.; Mcgillivray, B.; Alvarez, N.; et al. Mutations in FLNC Are Associated with Familial Restrictive Cardiomyopathy. Hum. Mutat. 2016, 37, 269–279. [Google Scholar] [CrossRef]

	



Roldán-Sevilla, A.; Palomino-Doza, J.; de Juan, J.; Sánchez, V.; Domínguez-González, C.; Salguero-Bodes, R.; Arribas-Ynsaurriaga, F. Missense Mutations in the FLNC Gene Causing Familial Restrictive Cardiomyopathy. Circ. Genom. Precis. Med. 2019, 12, e002388. [Google Scholar] [CrossRef] [PubMed]

	



Tucker, N.R.; McLellan, M.A.; Hu, D.; Ye, J.; Parsons, V.A.; Mills, R.W.; Clauss, S.; Dolmatova, E.; Shea, M.A.; Milan, D.J.; et al. Novel Mutation in FLNC (Filamin C) Causes Familial Restrictive Cardiomyopathy. Circ. Cardiovasc. Genet. 2017, 10. [Google Scholar] [CrossRef] [PubMed]

	



Schubert, J.; Tariq, M.; Geddes, G.; Kindel, S.; Miller, E.M.; Ware, S.M. Novel Pathogenic Variants in Filamin C Identified in Pediatric Restrictive Cardiomyopathy. Hum. Mutat. 2018, 39, 2083–2096. [Google Scholar] [CrossRef] [PubMed]

	



Purevjav, E.; Arimura, T.; Augustin, S.; Huby, A.C.; Takagi, K.; Nunoda, S.; Kearney, D.L.; Taylor, M.D.; Terasaki, F.; Bos, J.M.; et al. Molecular Basis for Clinical Heterogeneity in Inherited Cardiomyopathies Due to Myopalladin Mutations. Hum. Mol. Genet. 2012, 21, 2039–2053. [Google Scholar] [CrossRef]

	



Huby, A.C.; Mendsaikhan, U.; Takagi, K.; Martherus, R.; Wansapura, J.; Gong, N.; Osinska, H.; James, J.F.; Kramer, K.; Saito, K.; et al. Disturbance in Z-Disk Mechanosensitive Proteins Induced by a Persistent Mutant Myopalladin Causes Familial Restrictive Cardiomyopathy. J. Am. Coll. Cardiol. 2014, 64, 2765–2776. [Google Scholar] [CrossRef]

	



Paller, M.S.; Martin, C.M.; Pierpont, M.E. Restrictive Cardiomyopathy: An Unusual Phenotype of a Lamin A Variant. ESC Hear. Fail. 2018, 5, 724–726. [Google Scholar] [CrossRef]

	



Schänzer, A.; Rupp, S.; Gräf, S.; Zengeler, D.; Jux, C.; Akintürk, H.; Gulatz, L.; Mazhari, N.; Acker, T.; Van Coster, R.; et al. Dysregulated Autophagy in Restrictive Cardiomyopathy Due to Pro209Leu Mutation in BAG3. Mol. Genet. Metab. 2018, 123, 388–399. [Google Scholar] [CrossRef]

	



Ranthe, M.F.; Carstensen, L.; Øyen, N.; Jensen, M.K.; Axelsson, A.; Wohlfahrt, J.; Melbye, M.; Bundgaard, H.; Boyd, H.A. Risk of Cardiomyopathy in Younger Persons with a Family History of Death from Cardiomyopathy: A Nationwide Family Study in a Cohort of 3.9 Million Persons. Circulation 2015, 132, 1013–1019. [Google Scholar] [CrossRef]

	



Wittekind, S.G.; Ryan, T.D.; Gao, Z.; Zafar, F.; Czosek, R.J.; Chin, C.W.; Jefferies, J.L. Contemporary Outcomes of Pediatric Restrictive Cardiomyopathy: A Single-Center Experience. Pediatr. Cardiol. 2019, 40, 694–704. [Google Scholar] [CrossRef]

	



Webber, S.A.; Lipshultz, S.E.; Sleeper, L.A.; Lu, M.; Wilkinson, J.D.; Addonizio, L.J.; Canter, C.E.; Colan, S.D.; Everitt, M.D.; Jefferies, J.L.; et al. Outcomes of Restrictive Cardiomyopathy in Childhood and the Influence of Phenotype: A Report from the Pediatric Cardiomyopathy Registry. Circulation 2012, 126, 1237–1244. [Google Scholar] [CrossRef]

	



Mogensen, J.; Arbustini, E. Restrictive Cardiomyopathy. Curr. Opin. Cardiol. 2009, 24, 214–220. [Google Scholar] [CrossRef]

	



Mogensen, J.; Hey, T.; Lambrecht, S. A Systematic Review of Phenotypic Features Associated With Cardiac Troponin I Mutations in Hereditary Cardiomyopathies. Can. J. Cardiol. 2015, 31, 1377–1385. [Google Scholar] [CrossRef]

	



Ding, W.H.; Han, L.; Xiao, Y.Y.; Mo, Y.; Yang, J.; Wang, X.F.; Jin, M. Role of Whole-Exome Sequencing in Phenotype Classification and Clinical Treatment of Pediatric Restrictive Cardiomyopathy. Chin. Med. J. 2017, 130, 2823–2828. [Google Scholar] [CrossRef] [PubMed]

	



Veltman, J.A.; Brunner, H.G. De Novo Mutations in Human Genetic Disease. Nat. Rev. Genet. 2012, 13, 565–575. [Google Scholar] [CrossRef] [PubMed]

	



Hamdani, N.; Kooij, V.; Van Dijk, S.; Merkus, D.; Paulus, W.J.; Dos Remedios, C.; Duncker, D.J.; Stienen, G.J.M.; Van Der Velden, J. Sarcomeric Dysfunction in Heart Failure. Cardiovasc. Res. 2008, 77, 649–658. [Google Scholar] [CrossRef]

	



Yumoto, F.; Lu, Q.W.; Morimoto, S.; Tanaka, H.; Kono, N.; Nagata, K.; Ojima, T.; Takahashi-Yanaga, F.; Miwa, Y.; Sasaguri, T.; et al. Drastic Ca2+ Sensitization of Myofilament Associated with a Small Structural Change in Troponin I in Inherited Restrictive Cardiomyopathy. Biochem. Biophys. Res. Commun. 2005, 338, 1519–1526. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, T.; Solaro, R.J. Increased Ca2+ affinity of Cardiac Thin Filaments Reconstituted with Cardiomyopathy-Related Mutant Cardiac Troponin I. J. Biol. Chem. 2006, 281, 13471–13477. [Google Scholar] [CrossRef]

	



Sparrow, A.J.; Sievert, K.; Patel, S.; Chang, Y.F.; Broyles, C.N.; Brook, F.A.; Watkins, H.; Geeves, M.A.; Redwood, C.S.; Robinson, P.; et al. Measurement of Myofilament-Localized Calcium Dynamics in Adult Cardiomyocytes and the Effect of Hypertrophic Cardiomyopathy Mutations. Circ. Res. 2019, 124, 1228–1239. [Google Scholar] [CrossRef]

	



Frazier, A.H.; Ramirez-Correa, G.A.; Murphy, A.M. Molecular Mechanisms of Sarcomere Dysfunction in Dilated and Hypertrophic Cardiomyopathy. Prog. Pediatr. Cardiol. 2011, 31, 29–33. [Google Scholar] [CrossRef]

	



Priori, S.G.; Blomstrom-Lundqvist, C.; Mazzanti, A.; Bloma, N.; Borggrefe, M.; Camm, J.; Elliott, P.M.; Fitzsimons, D.; Hatala, R.; Hindricks, G.; et al. 2015 ESC Guidelines for the Management of Patients with Ventricular Arrhythmias and the Prevention of Sudden Cardiac Death the Task Force for the Management of Patients with Ventricular Arrhythmias and the Prevention of Sudden Cardiac Death of the Europea. Eur. Heart J. 2015, 36, 2793–2867l. [Google Scholar] [CrossRef]

	



Rivenes, S.M.; Kearney, D.L.; Smith, E.O.; Towbin, J.A.; Denfield, S.W. Sudden Death and Cardiovascular Collapse in Children with Restrictive Cardiomyopathy. Circulation 2000, 102, 876–882. [Google Scholar] [CrossRef]

	



Denfield, S.W.; Rosenthal, G.; Gajarski, R.J.; Bricker, J.T.; Schowengerdt, K.O.; Price, J.K.; Towbin, J.A. Restrictive Cardiomyopathies in Childhood: Etiologies and Natural History. Texas Hear. Inst. J. 1997, 24, 38–44. [Google Scholar]

	



Linke, W.A. Sense and Stretchability: The Role of Titin and Titin-Associated Proteins in Myocardial Stress-Sensing and Mechanical Dysfunction. Cardiovasc. Res. 2008, 77, 637–648. [Google Scholar] [CrossRef]

	



Kooij, V.; Saes, M.; Jaquet, K.; Zaremba, R.; Foster, D.B.; Murphy, A.M.; dos Remedios, C.G.; van der Velden, J.; Stienen, G.J.M. Effect of Troponin I Ser23/24 Phosphorylation on Ca2+ -Sensitivity in Human Myocardium Depends on the Phosphorylation Background. J. Mol. Cell. Cardiol. 2010, 48, 954–963. [Google Scholar] [CrossRef]

	



Deng, Y.; Schmidtmann, A.; Redlich, A.; Westerdorf, B.; Jaquet, K.; Thieleczek, R. Effects of Phosphorylation and Mutation R145G on Human Cardiac Troponin I Function. Biochemistry 2001, 40, 14593–14602. [Google Scholar] [CrossRef]

	



Dvornikov, A.V.; Smolin, N.; Zhang, M.; Martin, J.L.; Robia, S.L.; De Tombe, P.P. Restrictive Cardiomyopathy Troponin I R145W Mutation Does Not Perturb Myofilament Length-Dependent Activation in Human Cardiac Sarcomeres. J. Biol. Chem. 2016, 291, 21817–21828. [Google Scholar] [CrossRef]

	



Westfall, M.V. Contribution of Post-Translational Phosphorylation to Sarcomere-Linked Cardiomyopathy Phenotypes. Front. Physiol. 2016, 7, 407. [Google Scholar] [CrossRef]

	



Tadros, H.J.; Life, C.S.; Garcia, G.; Pirozzi, E.; Jones, E.G.; Datta, S.; Parvatiyar, M.S.; Chase, P.B.; Allen, H.D.; Kim, J.J.; et al. Meta-Analysis of Cardiomyopathy-Associated Variants in Troponin Genes Identifies Loci and Intragenic Hot Spots That Are Associated with Worse Clinical Outcomes. J. Mol. Cell. Cardiol. 2020, 142, 118–125. [Google Scholar] [CrossRef]

	



Takeda, S.; Yamashita, A.; Maeda, K.; Maéda, Y. Structure of the Core Domain of Human Cardiac Troponin in the Ca(2+)-Saturated Form. Nature 2003, 424, 35–41. [Google Scholar] [CrossRef]

	



Metzger, J.M.; Westfall, M.V. Covalent and Noncovalent Modification of Thin Filament Action: The Essential Role of Troponin in Cardiac Muscle Regulation. Circ. Res. 2004, 94, 146–158. [Google Scholar] [CrossRef]

	



Meriin, A.B.; Narayanan, A.; Meng, L.; Alexandrov, I.; Varelas, X.; Cissé, I.I.; Sherman, M.Y. Hsp70–Bag3 Complex Is a Hub for Proteotoxicity-Induced Signaling That Controls Protein Aggregation. Proc. Natl. Acad. Sci. USA 2018, 115, E7043–E7052. [Google Scholar] [CrossRef]

	



Rauch, J.N.; Tse, E.; Freilich, R.; Mok, S.A.; Makley, L.N.; Southworth, D.R.; Gestwicki, J.E. BAG3 Is a Modular, Scaffolding Protein That Physically Links Heat Shock Protein 70 (Hsp70) to the Small Heat Shock Proteins. J. Mol. Biol. 2017, 429, 128–141. [Google Scholar] [CrossRef]

	



Dimauro, I.; Antonioni, A.; Mercatelli, N.; Caporossi, D. The Role of AB-Crystallin in Skeletal and Cardiac Muscle Tissues. Cell Stress Chaperones 2018, 23, 491–505. [Google Scholar] [CrossRef]

	



Islam, M.; Diwan, A.; Mani, K. Come Together: Protein Assemblies, Aggregates and the Sarcostat at the Heart of Cardiac Myocyte Homeostasis. Front. Physiol. 2020, 11, 586. [Google Scholar] [CrossRef]

	



Schlossarek, S.; Englmann, D.R.; Sultan, K.R.; Sauer, M.; Eschenhagen, T.; Carrier, L. Defective Proteolytic Systems in MYBPC3-Targeted Mice with Cardiac Hypertrophy. Basic Res. Cardiol. 2012, 107, 1–13. [Google Scholar] [CrossRef]

	



Salman, O.F.; El-Rayess, H.M.; Abi Khalil, C.; Nemer, G.; Refaat, M.M. Inherited Cardiomyopathies and the Role of Mutations in Non-Coding Regions of the Genome. Front. Cardiovasc. Med. 2018, 5, 77. [Google Scholar] [CrossRef]

	



Frisso, G.; Detta, N.; Coppola, P.; Mazzaccara, C.; Pricolo, M.R.; D’Onofrio, A.; Limongelli, G.; Calabrò, R.; Salvatore, F. Functional Studies and in Silico Analyses to Evaluate Non-Coding Variants in Inherited Cardiomyopathies. Int. J. Mol. Sci. 2016, 17, 1883. [Google Scholar] [CrossRef]

	



Lander, J.; Ware, S.M. Copy Number Variation in Congenital Heart Defects. Curr. Genet. Med. Rep. 2014, 2, 168–178. [Google Scholar] [CrossRef]

	



Singer, E.S.; Ross, S.B.; Skinner, J.R.; Weintraub, R.G.; Ingles, J.; Semsarian, C.; Bagnall, R.D. Characterization of Clinically Relevant Copy-Number Variants from Exomes of Patients with Inherited Heart Disease and Unexplained Sudden Cardiac Death. Genet. Med. 2020, 1–8. [Google Scholar] [CrossRef]

	



Franaszczyk, M.; Truszkowska, G.; Chmielewski, P.; Rydzanicz, M.; Kosinska, J.; Rywik, T.; Biernacka, A.; Spiewak, M.; Kostrzewa, G.; Stepien-Wojno, M.; et al. Analysis of De Novo Mutations in Sporadic Cardiomyopathies Emphasizes Their Clinical Relevance and Points to Novel Candidate Genes. J. Clin. Med. 2020, 9, 370. [Google Scholar] [CrossRef]

	



Ceyhan-Birsoy, O.; Pugh, T.J.; Bowser, M.J.; Hynes, E.; Frisella, A.L.; Mahanta, L.M.; Lebo, M.S.; Amr, S.S.; Funke, B.H. Next Generation Sequencing-Based Copy Number Analysis Reveals Low Prevalence of Deletions and Duplications in 46 Genes Associated with Genetic Cardiomyopathies. Mol. Genet. Genom. Med. 2016, 4, 143–151. [Google Scholar] [CrossRef]

	



Helms, A.S.; Davis, F.M.; Coleman, D.; Bartolone, S.N.; Glazier, A.A.; Pagani, F.; Yob, J.M.; Sadayappan, S.; Pedersen, E.; Lyons, R.; et al. Sarcomere Mutation-Specific Expression Patterns in Human Hypertrophic Cardiomyopathy. Circ. Cardiovasc. Genet. 2014, 7, 434–443. [Google Scholar] [CrossRef] [PubMed]

	



Tripathi, S.; Schultz, I.; Becker, E.; Montag, J.; Borchert, B.; Francino, A.; Navarro-Lopez, F.; Perrot, A.; Özcelik, C.; Osterziel, K.J.; et al. Unequal Allelic Expression of Wild-Type and Mutated β-Myosin in Familial Hypertrophic Cardiomyopathy. Basic Res. Cardiol. 2011, 106, 1041–1055. [Google Scholar] [CrossRef] [PubMed]

	



Montag, J.; Kowalski, K.; Makul, M.; Ernstberger, P.; Radocaj, A.; Beck, J.; Becker, E.; Tripathi, S.; Keyser, B.; Mühlfeld, C.; et al. Burst-like Transcription of Mutant and Wildtype MYH7-Alleles as Possible Origin of Cell-to-Cell Contractile Imbalance in Hypertrophic Cardiomyopathy. Front. Physiol. 2018, 9, 359. [Google Scholar] [CrossRef] [PubMed]

	



Parbhudayal, R.Y.; Garra, A.R.; Götte, M.J.W.; Michels, M.; Pei, J.; Harakalova, M.; Asselbergs, F.W.; van Rossum, A.C.; van der Velden, J.; Kuster, D.W.D. Variable Cardiac Myosin Binding Protein-C Expression in the Myofilaments Due to MYBPC3 Mutations in Hypertrophic Cardiomyopathy. J. Mol. Cell. Cardiol. 2018, 123, 59–63. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, L.; Jean-Charles, P.-Y.; Nan, C.; Chen, G.; Tian, J.; Jin, J.-P.; Gelb, I.J.; Huang, X. Dose-Dependent Diastolic Dysfunction and Early Death in a Mouse Model with Cardiac Troponin Mutations. J. Mol. Cell. Cardiol. 2013, 62, 227–236. [Google Scholar] [CrossRef]

	



Kraft, T.; Montag, J.; Radocaj, A.; Brenner, B. Hypertrophic Cardiomyopathy: Cell-to-Cell Imbalance in Gene Expression and Contraction Force as Trigger for Disease Phenotype Development. Circ. Res. 2016, 119, 992–995. [Google Scholar] [CrossRef]

	



Kraft, T.; Montag, J. Altered Force Generation and Cell-to-Cell Contractile Imbalance in Hypertrophic Cardiomyopathy. Pflugers Arch. Eur. J. Physiol. 2019, 471, 719–733. [Google Scholar] [CrossRef]

	



Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [Google Scholar] [CrossRef]

	



Burke, M.A.; Cook, S.A.; Seidman, J.G.; Seidman, C.E. Clinical and Mechanistic Insights into the Genetics of Cardiomyopathy. J. Am. Coll. Cardiol. 2016, 68, 2871–2886. [Google Scholar] [CrossRef]

	



Maron, B.J.; Towbin, J.A.; Thiene, G.; Antzelevitch, C.; Corrado, D.; Arnett, D.; Moss, A.J.; Seidman, C.E.; Young, J.B. Contemporary Definitions and Classification of the Cardiomyopathies. Circulation 2006, 113, 1807–1816. [Google Scholar] [CrossRef]

	



Gomes, A.V.; Potter, J.D. Cellular and Molecular Aspects of Familial Hypertrophic Cardiomyopathy Caused by Mutations in the Cardiac Troponin I Gene. Mol. Cell. Biochem. 2004, 263, 99–114. [Google Scholar] [CrossRef]

	



Kimura, A.; Harada, H.; Park, J.E.; Nishi, H.; Satoh, M.; Takahashi, M.; Hiroi, S.; Sasaoka, T.; Ohbuchi, N.; Nakamura, T.; et al. Mutations in the Cardiac Troponin I Gene Associated with Hypertrophic Cardiomyopathy. Nat. Genet. 1997, 17, 498–502. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, J.W.; Jang, M.A.; Jang, S.Y.; Seo, S.H.; Seong, M.W.; Park, S.S.; Ki, C.S.; Kim, D.K. Diverse Phenotypic Expression of Cardiomyopathies in a Family with TNNI3 p.Arg145Trp Mutation. Korean Circ. J. 2017, 47, 270–277. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, P.A.; Leinwand, L.A. Cellular Mechanisms of Cardiomyopathy. J. Cell Biol. 2011, 194, 355–365. [Google Scholar] [CrossRef] [PubMed]

	



Semsarian, C.; Healey, M.J.; Fatkin, D.; Giewat, M.; Duffy, C.; Seidman, C.E.; Seidman, J.G. A Polymorphic Modifier Gene Alters the Hypertrophic Response in a Murine Model of Familial Hypertrophic Cardiomyopathy. J. Mol. Cell. Cardiol. 2001, 33, 2055–2060. [Google Scholar] [CrossRef]

	



Mosqueira, D.; Mannhardt, I.; Bhagwan, J.R.; Lis-Slimak, K.; Katili, P.; Scott, E.; Hassan, M.; Prondzynski, M.; Harmer, S.C.; Tinker, A.; et al. CRISPR/Cas9 Editing in Human Pluripotent Stemcell-Cardiomyocytes Highlights Arrhythmias, Hypocontractility, and Energy Depletion as Potential Therapeutic Targets for Hypertrophic Cardiomyopathy. Eur. Heart J. 2018, 39, 3879–3892. [Google Scholar] [CrossRef]

	



Song, L.; Su, M.; Wang, S.; Zou, Y.; Wang, X.; Wang, Y.; Cui, H.; Zhao, P.; Hui, R.; Wang, J. MiR-451 Is Decreased in Hypertrophic Cardiomyopathy and Regulates Autophagy by Targeting TSC1. J. Cell. Mol. Med. 2014, 18, 2266–2274. [Google Scholar] [CrossRef]

	



Liu, L.; Zhang, D.; Li, Y. LncRNAs in Cardiac Hypertrophy: From Basic Science to Clinical Application. J. Cell. Mol. Med. 2020, 24, 11638–11645. [Google Scholar] [CrossRef]

	



Zhang, C.J.; Huang, Y.; De Lu, J.; Lin, J.; Ge, Z.R.; Huang, H. Upregulated MicroRNA-132 Rescues Cardiac Fibrosis and Restores Cardiocyte Proliferation in Dilated Cardiomyopathy through the Phosphatase and Tensin Homolog–Mediated PI3K/Akt Signal Transduction Pathway. J. Cell. Biochem. 2019, 120, 1232–1244. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Nan, C.; Chen, Y.; Tian, J.; Jean-Charles, P.-Y.; Getfield, C.; Wang, X.; Huang, X. Calcium Desensitizer Catechin Reverses Diastolic Dysfunction in Mice with Restrictive Cardiomyopathy. Arch. Biochem. Biophys. 2015, 573, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Maurer, M.S.; Schwartz, J.H.; Gundapaneni, B.; Elliott, P.M.; Merlini, G.; Waddington-Cruz, M.; Kristen, A.V.; Grogan, M.; Witteles, R.; Damy, T.; et al. Tafamidis Treatment for Patients with Transthyretin Amyloid Cardiomyopathy. N. Engl. J. Med. 2018, 379, 1007–1016. [Google Scholar] [CrossRef] [PubMed]

	



Popkova, T.; Hajek, R.; Jelinek, T. Monoclonal Antibodies in the Treatment of AL Amyloidosis: Co-Targetting the Plasma Cell Clone and Amyloid Deposits. Br. J. Haematol. 2020, 189, 228–238. [Google Scholar] [CrossRef] [PubMed]

	



Kawaguchi, Y.; Kovacs, J.J.; McLaurin, A.; Vance, J.M.; Ito, A.; Yao, T.P. The Deacetylase HDAC6 Regulates Aggresome Formation and Cell Viability in Response to Misfolded Protein Stress. Cell 2003, 115, 727–738. [Google Scholar] [CrossRef]

	



Lee, J.Y.; Koga, H.; Kawaguchi, Y.; Tang, W.; Wong, E.; Gao, Y.S.; Pandey, U.B.; Kaushik, S.; Tresse, E.; Lu, J.; et al. HDAC6 Controls Autophagosome Maturation Essential for Ubiquitin-Selective Quality-Control Autophagy. EMBO J. 2010, 29, 969–980. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 00558 g001 550] 





Figure 1. Organization of the contractile machinery. Cardiomyocytes are thickly packed with contractile elements, the myofibrils, which are connected to each other and via the cytoskeleton to the extracellular matrix and to the nucleus. Myofibrils are composed of sarcomeres, the smallest contractile units of the cardiac muscle cell. Proteins, whose genes are targets for mutations leading to restrictive cardiomyopathy are indicated. cMyBP-C = myosin binding protein C; cTnI, cTnT, cTnC = cardiac troponin subunits I, T and C; Sur2A = sulfonylurea receptor isoform 2A; BAG3 = Bcl2-associated athanogene 3. The figure was created using PowerPoint (Microsoft). 
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Figure 2. Classification of cardiomyopathies. LVNC = left ventricular non-compaction cardiomyopathy, ACM = arrhythmogenic cardiomyopathy, DCM = dilated cardiomyopathy, HCM = hypertrophic cardiomyopathy, RCM = restrictive cardiomyopathy. The figure was created using PowerPoint (Microsoft). 
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Figure 3. Role of Calcium in contractility. Voltage gated Ca2+-channels, located within T-tubuli, open upon depolarization of the sarcolemma. The resulting Ca2+-influx activates the nearby ryanodine receptors (RyR) of the sarcoplasmatic reticulum (SR), releasing Ca2+ from the SR. Ca2+ now binds to the Ca2+-sensor of the sarcomere, cardiac troponin C (cTnC), which forms together with cTnI and cTnT the troponin complex (see insert). Ca2+-saturation of cTnC triggers conformational changes within the troponin complex, releasing cTnI from actin. This enables tropomyosin to roll over on the actin filament to demask the myosin binding sites, and force production occurs. At the same time, Ca2+ is pumped back into the SR by a phospholamban (PLB) regulated SR Ca2+-ATPase, into the extracellular space by Na+/Ca2+ exchanger (NCX) and into the mitochondria. As the cytoplasmic Ca2+-concentration reduces, Ca2+ is released from cTnC, cTnI rebinds to actin and tropomyosin is forced back masking the myosin binding sites. The muscle relaxes. The figure was created using PowerPoint (Microsoft). 
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Figure 4. cTnI organization. Exons, RCM mutations and binding sites are indicated. A-TM: a second actin-tropomyosin binding site, PP (PKA): Serines 22, 23 phosphorylated by the proteinkinase A (PKA). The RCM mutations mainly affect exon 7 and 8, encoding for the inhibitory region, TnC binding domains and the A-TM site. The figure was created using PowerPoint (Microsoft). 
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Figure 5. Disruption of thin filaments induced by RCM cTnI-variants. (A,B) Electron microscopic images obtained with reconstituted cardiac thin filaments. (C,D) schematic presentation. (A,C) wild-type cTnI; (B,D) the RCM cTnI-variant p.R170W leads to shortened, wavy and partially aggregated thin filaments. The figure was created using PowerPoint (Microsoft). 
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Figure 6. Factors leading to the development of the genetic RCM. While non-sarcomeric mutations lead to aggregations and promote cytoskeletal and sarcomeric disarray, sarcomeric mutations may affect the cardiac function in different ways, depending on their expression levels, stability, tendency to aggregate and to induce contractile dysfunction. Both finally lead to diastolic dysfunction and increased stiffness. The figure was created using PowerPoint (Microsoft). 
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Table 1. Overview of mutations in sarcomeric and non-sarcomeric proteins associated with restrictive cardiomyopathy.
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	Gene/Protein
	Variant
	Allele Origin
	No. of Affected Families (No. Mutation Carriers)
	Age at Presentation/Onset (Youngest Patient)
	Molecular Effects/Remarks
	Ref. #





	TNNI3/cTnI
	p.L144Q
	unknown
	-
	17 years
	Myofibrillar disarray, Ca2+-sensitization + incr. basal force, red. maximal force (in reconstituted filaments), low ATPase inhibition + maximal activity, decreased incorporation in thin filaments
	[52,61,62]



	
	p.L144H
	familial
	1(3)
	20–30 years
	mild hypertrophy
	[63]



	
	p.R145W
	familial
	2(2)
	19 years
	Low ATPase inhibition, Ca2+-sensitization (reconstituted filaments), decreased incorporation in thin filaments
	[61,62,64]



	
	p.R145Q
	unknown
	-
	9 years
	Occurred in combination with R192C
	[64]



	
	p.S150P
	familial
	1(3)
	
	unknown
	[65]



	
	c.549+2delT
	De novo
	-
	<1 year
	truncation
	[64]



	
	p.D168fsX176
	unknown
	1(1)
	23 years
	unknown
	[66]



	
	p.R170G
	De novo
	-
	3 years
	Ca2+-sensitization (skinned fibers), thin filament instability, impaired interaction with cMyBP-C and Tpm
	[55,67]



	
	p.R170W
	De novo
	-
	8 months
	Ca2+-sensitization (skinned fibers), thin filament instability, impaired cMyBP-C interaction, decreased incorporation in thin filaments
	[55,67]



	
	p.R170Q
	De novo
	-
	15 years
	Unknown; also associated with HCM in another study
	[63,68]



	
	p.A171T
	unknown
	-
	63 years
	Mild Ca2+-sensitization
	[52,61]



	
	p.E177fsX209
	De novo
	-
	6 years
	disarray
	[54]



	
	p.K178E
	De novo
	-
	3 years
	Low ATPase inhibition, Ca2+-sensitization (skinned fibers), increased max. ATPase activity
	[52,61]



	
	p.K178del
	De novo
	-
	<11 years
	unknown
	[64]



	
	p.D190H
	familial
	1(13)
	11 years
	Ca2+-sensitization (in-vitro ATPase activity), red. cooperativity
	[52]



	
	p.R192C
	unknown
	-
	9 years
	Occurred in combination with R145Q
	[64]



	
	p.R192H
	De novo
	-
	16 years
	Ca2+-sensitization, red. cooperativity (in-vitro ATPase activity), impaired relaxation, disarray, fibrosis (mouse model), increased incorporation in thin filaments
	[52,61]



	
	p.I195fs
	De novo
	-
	24 years
	Mild fibrosis and hypertrophy, no aggregation
	[69]



	
	p.D196H
	familial
	1(10)
	41 years
	3 members homozygous, heterozygous relatives asymptomatic; fibrosis, mild hypertrophy, no deposits
	[70]



	
	p.R204H
	De novo
	-
	14 years; 3 years
	unknown
	[71,72]



	TNNT2/cTnT
	p.I79N
	familial
	1(9)
	53 years
	No disarray (biopsy); fibrosis; Ca2+-sensitization (mice, skinned fibers); also associated with HCM in other studies
	[73,74]



	
	p.E96del
	De novo
	-
	1 year
	Disarray, fibrosis (biopsy); Ca2+-sensitization (skinned fibers, in-vitro ATPase activity); impaired inhibition (ATPase), impaired relaxation (skinned fibers), with fetal TnI the effects are less severe
	[75,76]



	
	p.E136K
	familial
	1(3)
	3.5 years
	Myocyte vacuolation, no disarray
	[54]



	TNNC1/cTnC
	p.A8V and p.D145E
	familial
	1(4)
	8 months
	Compound heterozygosity; HCM to RCM transition; Ca2+-sensitization (fibers), slow Ca2+_off rate, impaired relaxation
	[77,78,79]



	TPM1/Tpm
	p.E62Q and p.M281T
	familial
	1(11)
	9 years
	Compound heterozygosity; disruption of sarcomeres (biopsy), reduced Ca2+ transient amplitudes (HL-1 cells)
	[80]



	TTN/Titin
	p.Y7621C
	familial
	1(5)
	12 years
	Fibrosis, myofilament degradation, Z-disk distortion
	[81]



	MYH7/MHC
	p.Y386C
	De novo
	-
	9 months
	Mild fibrosis, no disarray (biopsy)
	[82]



	
	p.R721K
	familial
	1(1)
	43 years
	Together with p.Sur2A-R1186Q; arrhythmia
	[83]



	
	13bp del
	De novo
	-
	49 years
	unknown
	[84]



	
	p.G768R
	familial
	1(2)
	15 months
	No tissue abnormalities (biopsy), no disarray or fibrosis
	[85]



	
	p.838L
	De novo
	-
	5 months
	Mild disarray, no infiltration (biopsy), arrhythmia
	[86]



	MYBPC3/cMyBP-C
	p.Q463X
	familial
	1(3)
	34 years
	unknown
	[87]



	
	p.E334K
	De novo
	-
	45 years
	Increased polyubiquitinylation and degradation (cell model)
	[87,88]



	DES/desmin
	p.Y122H
	familial
	1(1)
	19 years
	Homozygous; impaired intermediate filament assembly, desmin aggregates (iPSC)
	[57]



	
	735+1G>T
	familial
	1(1)
	46 years
	Myopathy, alternate splicing
	[58]



	
	p.E413K
	familial
	1(3)
	30 years
	Desmin aggregation, granulofilamentous deposits (biopsy); disruption of intermediate filaments, aggregation (cell model)
	[56]



	FLNC/filamin C
	p.A1183L
	De novo
	-
	6 months
	perinuclear aggregates (zebrafish skeletal muscle)
	[59]



	
	p.A1186V
	De novo
	-
	1.4 years
	Absence of filamin C and desmin in intercalated discs, Z-line streaming (biopsy); perinuclear aggregates (zebrafish skeletal muscle)
	[59]



	
	p.S1624L
	familial
	1(4)
	3 years
	Aggregates, Z-disk disorganization, impaired desmin localization (biopsy, cell model)
	[89]



	
	p.G2151S
	familial
	1 (2)
	15 years
	Sarcomere disorganization, Filamin C deposits (biopsy)
	[90]



	
	p.I2160F
	familial
	1 (6)
	15 years
	disrupted Z-disks, impaired desmin localization (biopsy, cell model)
	[89]



	
	p.V2297M
	familial
	1 (5)
	44 years
	Impaired Filamin C association with sarcomeres (biopsy), reduced contractility (ESC model)
	[91]



	
	p.P2298L
	familial
	1 (8)
	3 years
	No deposits, no sarcomeric disarray (biopsy); perinuclear Filamin C and actin aggregation (cell model)
	[92]



	
	p.P2301L
	De novo
	-
	41 years
	Significant fibrosis, no deposits (biopsy)
	[90]



	
	p.Y2563C
	De novo
	-
	1 year
	Regular sarcomeric structure, no deposits (biopsy); randomly distributed Filamin C and actin aggregates (cell model)
	[92]



	MYPN/myopalladin
	p.Q529X
	familial
	1 (3)
	7 years
	Truncated variant without NEBL and a-actinin binding domains; nuclear deformations, myofibrillar degeneration, impaired a-actinin localization, CARP aggregation, Z-disk disruption (biopsy, cell model); nuclear enrichment of truncated Mypn, impaired MAPK signaling, down-regulation of CARP (mice)
	[93,94]



	LMNA/Lamin A
	p.E279RfsX201
	familial
	1(2)
	53 years
	No infiltration (biopsy)
	[95]



	CRYAB/crystallin αB
	p.D109G
	familial
	1(2)
	19 years
	Protein aggregation, Z-disk disruption (biopsy, cell model)
	[60]



	BAG3/Bag3
	p.P209L
	unknown
	-
	8 years
	Aggregation of BAG3 and desmin, Z-disk alterations, myofibrillar disarray, undegraded autophagosomes, increased autophagy regulators (biopsy)
	[96]



	ABCC9/Sur2A
	p.R1186Q
	familial
	1(1)
	43 years
	Together with p.MHC-R721K; arrhythmia
	[83]
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