

[image: image1]
Targeting calcium regulators as therapy for heart failure: focus on the sarcoplasmic reticulum Ca-ATPase pump












	
	TYPE Review

PUBLISHED 18 July 2023
DOI 10.3389/fcvm.2023.1185261






[image: image2]

Targeting calcium regulators as therapy for heart failure: focus on the sarcoplasmic reticulum Ca-ATPase pump

Changwon Kho*

Division of Applied Medicine, School of Korean Medicine, Pusan National University, Yangsan, Republic of Korea

EDITED BY
Emma Louise Robinson, University of Colorado, United States

REVIEWED BY
Jan Magnus Aronsen, University of Oslo, Norway
Timothy Jones, University of Colorado Anschutz Medical Campus, United States
L. Michel Espinoza-Fonseca, University of Michigan, United States

*CORRESPONDENCE Changwon Kho khochangwon@pusan.ac.kr

Abbreviations
Ca2+, calcium ion; HF, heart failure; PTM, post-translational modifications; SR, sarcoplasmic reticulum; SERCA2a, cardiac isoform of sarco/endoplasmic reticulum Ca2+-ATPase.

RECEIVED 13 March 2023
ACCEPTED 06 July 2023
PUBLISHED 18 July 2023

CITATION Kho C (2023) Targeting calcium regulators as therapy for heart failure: focus on the sarcoplasmic reticulum Ca-ATPase pump.
Front. Cardiovasc. Med. 10:1185261.
doi: 10.3389/fcvm.2023.1185261

COPYRIGHT © 2023 Kho. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Impaired myocardial Ca2+ cycling is a critical contributor to the development of heart failure (HF), causing changes in the contractile function and structure remodeling of the heart. Within cardiomyocytes, the regulation of sarcoplasmic reticulum (SR) Ca2+ storage and release is largely dependent on Ca2+ handling proteins, such as the SR Ca2+ ATPase (SERCA2a) pump. During the relaxation phase of the cardiac cycle (diastole), SERCA2a plays a critical role in transporting cytosolic Ca2+ back to the SR, which helps to restore both cytosolic Ca2+ levels to their resting state and SR Ca2+ content for the next contraction. However, decreased SERCA2a expression and/or pump activity are key features in HF. As a result, there is a growing interest in developing therapeutic approaches to target SERCA2a. This review provides an overview of the regulatory mechanisms of the SERCA2a pump and explores potential strategies for SERCA2a-targeted therapy, which are being investigated in both preclinical and clinical studies.
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1. Introduction

Heart failure (HF) is a significant global health problem, affecting millions of people worldwide and becoming increasingly prevalent due to the aging population and the chronic nature of the disease (1, 2). Abnormal Ca2+ cycling significantly impairs cardiac contractility and repolarization in HF. Reduced total Ca2+ cycling, systolic free intracellular Ca2+ levels, and SR Ca2+ uptake have been demonstrated in human myocardium (3–5). Meanwhile, diastolic Ca2+ levels are elevated, and the duration of Ca2+ transients during diastole is extended compared to nonfailing hearts (4, 6). Growing evidence also indicates that changes in the expression or activity of SR Ca2+ cycling proteins, particularly SR Ca2+-ATPase (SERCA2a), are responsible for the altered Ca2+ cycling observed in failing hearts (7–9). This review summarizes the important role played by the SERCA2a pump in HF and the factors that regulate gene, protein, and post-translational modification (PTM) levels (Table 1). Additionally, the review discusses recent studies on how to target SERCA2a for the treatment of HF using these regulatory mechanisms (Figure 1, Table 2).
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FIGURE 1
Heart failure treatment strategies targeting SERCA2a stimulation. SERCA2a deficiency is a characteristic of heart failure, and gene transfer therapies aimed at restoring SERCA2a expression are being developed clinically. In addition, new mechanisms, including post-translational modifications, non-coding RNAs, and binding partners have been identified as intrinsic modulators of SERCA2a. These will provide new targets for antibodies, peptide inhibitors and pharmacological interventions and additional opportunities to advance SERCA2a-targeted therapies.



TABLE 1 Regulatory key factors of SERCA2a pump.
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TABLE 2 Different types of SERCA2a pump activators.
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2. SERCA2a: a key calcium-handling protein

Excitation–contraction coupling (ECC) is a well-established process that regulates the fundamental functions of cardiomyocytes (CMs) such as contraction and relaxation (10). In response to electrical depolarization, the opening of the L-type Ca2+ channel (LTCC) leads to Ca2+ influx and subsequent release of Ca2+ from the SR via ryanodine receptors (RyRs). The resulting increase in cytosolic Ca2+ triggers muscle contraction through the binding of Ca2+ to myofibrillar protein troponin C, while relaxation occurs when cytosolic Ca2+ is isolated back into the SR by SERCA2a and is released by other mechanisms such as Na+/Ca2+ exchange (NCX), sarcolemma Ca2+-ATPase, mitochondrial Ca2+ uniporter. Given this key role of ECC in regulating CM function, abnormalities in SR Ca2+ homeostasis in ventricular CMs are expected to significantly impact cardiac performance.


2.1. Pathophysiological role of SERCA2a in the heart

SERCA2a is an SR membrane protein that maintains low cytosolic Ca2+ levels by carrying out Ca2+ transport from the cytosol into the SR. The SERCA2a pump is responsible for approximately 70% and 92% of Ca2+ ventricular CM turnover during the diastolic period in humans and rats, respectively (11, 12). At this time, the Ca2+ removal rates through NCX are 28% and 7%, respectively, and the remaining approximately 1% of active Ca2+ is removed by the sarcolemmal Ca2+ ATPase and mitochondrial Ca2+ uniporter (11, 12).

The physiological consequences of SERCA2a disruption were studied in heterozygous knockout (KO) mouse models (13, 14). SERCA2a KO mice showed a decreased rate of SR Ca2+ sequestration and deficiencies in the relaxation and contraction of CMs as a direct result of a reduction in SERCA2a levels. Biochemical studies confirmed a decrease in mRNA levels (∼55%), protein expression, and activity (∼65%) of the SERCA2a pump in the hearts of heterozygote KO mice (13). Additionally, a study involving a cardiac-specific conditional KO mouse model demonstrated the physiological importance of SERCA2a for cardiac performance in the adult heart. CM-specific SERCA2a-deficient mice exhibited severe diastolic dysfunction in vivo (15). Of note, the CM-specific SERCA2a KO develops end-stage HF within 7 weeks (15). It is interesting that both the SERCA2a KO and the NCX KO mice, another major Ca2+ handling protein, are able to robustly compensate and maintain normal cardiac function over a long period of time (16). Despite little change in cardiac function in vivo at 4 weeks after gene ablation, reduced contraction observed in SERCA2a-deficient CMs suggests that there may be a mouse-specific factor that allows them to maintain function despite the loss of key proteins. The faster heart rate seen in mice compared to humans may act as a compensatory factor by promoting efficient physiological function by promoting rapid delivery of oxygen and nutrients to tissues.

Studies have reported decreased SERCA2a expression and/or activity in the hearts of patients with dilated cardiomyopathy and ischemic cardiomyopathy (7–9, 17). Furthermore, a critical correlation has been observed between SERCA2a protein levels and cardiac function, as assessed by a force-frequency relationship (18). Excessive diastolic Ca2+ accumulation can lead to prolonged relaxation times, which in turn can increase chamber stiffness and decrease the rate of systolic pressure generation. Furthermore, reduced SERCA2a activity has been linked to arrhythmogenicity, as it can lead to diastolic Ca2+ accumulation and spontaneous Ca2+ releases from the SR, which are considered one of the cellular substrate for arrhythmia (19). Despite reduced SR Ca2+ stores, failing CMs show enhanced spontaneous SR Ca2+ release events (20), which may involve a reduced threshold for SR Ca2+ leak as observed in SERCA2a inhibition studies (21). Recent studies have shown that SERCA2a activation reduces the occurrence of spontaneous diastolic SR Ca2+ leak (22). Treatment with small molecule stimulators of SERCA2a was found to increase the threshold for SR Ca2+ wave generation and slow Ca2+ wave propagation (22). On the other hand, phospholamban (PLN), an inhibitory protein of SERCA2a, can cause severe arrhythmic cardiomyopathy with certain mutations, such as the deletion of arginine 14, which is particularly prevalent in the Dutch population (23). The SERCA2a super-inhibitory phenotype of this variant has been reported (24), supporting an aberrant SERCA2a role in arrhythmias.

Enhancing or restoring SERCA2a activity has been shown in multiple studies to improve cardiac function and prevent the progression of HF in various animal models, providing strong evidence for the causal role of SERCA2a downregulation in HF progression.

Studies on transgenic mice demonstrated that re-induced SERCA2a was well expressed in adult hearts and that increased expression of the SERCA2a pump directly enhances cardiac contractility in HF (25). Numerous preclinical studies on rodents, pigs, and sheep as well as on CMs from human patients with HF, have demonstrated the feasibility of restoring SERCA2a function through gene therapy in various HF models including acute ischemia/reperfusion, chronic pressure overload, and chronic myocardial infarction (MI) with particular focus on HF with reduced ejection fraction (HFrEF) (25–28). Unlike positive inotropes, which can be arrhythmogenic and associated with sudden death, restoration of SERCA2a expression has been shown to prevent ventricular arrhythmias and improves cardiac energy metabolism, suggesting clinical benefits (29–32).

Moreover, decreased SERCA2a expression has been observed in heart transplant recipients with preserved systolic ejection fraction (33), and dysfunction of SERCA2a activity has been linked to diastolic dysfunction and HF with preserved ejection fraction (HFpEF) in the senescent, obsess, and diabetic heart (34–47). To address these issues, SERCA2a gene therapy (35) and pharmacological agents such as istaroxime (38) have been investigated as potential therapeutic options to upregulate SERCA2a activity and improve diastolic function and contractile reserve in aging and HF.




3. Regulators at expression level


3.1. Transcriptional factors

Changes in gene transcription may be associated with reduced SERCA2a mRNA levels in cardiac hypertrophy and HF. Through promoter analysis, cardiac muscle-specific regulatory regions in atp2a2 (SERCA2a gene) were identified that contain binding sites of important transcription factors responsible for the cardiac pathological environment such as specificity protein 1 (Sp1), GATA binding protein 4, serum response factor, nuclear factor of activated T-cells, and myocyte enhancer factor-2 (39, 40).

Sp1 is an essential factor for myocardial hypertrophy (HT) along with an upregulated gene, such as acta1 (alpha-skeletal actin), in enlarged hearts. The mRNA level of Sp1 and its promoter binding activity is increased in pressure-overloaded hearts. Two Sp1 binding sites near the SERCA2 gene promoter may cause transcriptional inhibition mediated by Sp1 during cardiac HT induced by pressure overload (41).

Hypoxia-inducible factor-1 and nuclear factor kappa-B (NF-κB) are candidate transcription factors associated with pathogenic condition-induced atp2a2 suppression. SERCA2 expression is sensitive to oxygen levels in cultured CMs (42, 43). Rat and mouse atp2a2 gene promoters contain two hypoxia response element areas (−777 bp to −781 bp and −1,073 bp to −1,077 bp from the transcription start site), and both sites seem to be essential for repressing atp2a2 expression. Another study reported that SERCA2a expression is downregulated by tumor necrosis factor-α (TNF-α) and NF-κB-induced mechanisms (44). Studies showed that treatment of isolated rat CMs with TNF-α induced nuclear translocalization of NF-κB through activation of IκB kinase and that NF-κB binds directly to the promoter of human atp2a2 to inhibit transcription.

Other reports demonstrated epigenetic repression of the SERCA2a gene in HT myocardium. DNA modification and PTM of histones are the main mechanisms of epigenetic processes (45, 46). DNA methylation in the atp2a2 promoter (approximately 3,500 bp upstream of the atp2a2 transcriptional start site) is upregulated when pathogenic HT situations are induced by afterload enhancement (AE) in engineered heart tissue models consisting of neonatal rat CMs. Meanwhile, AE-induced atp2a2 methylation is downregulated by pharmacological inhibitors of DNA methyltransferase (DNMT) such as RG108 (47). However, in-depth investigations are needed to clarify the role of DNMTs in cardiac HT and HF.

Recently, evidence suggests that epigenetic mechanisms can control microRNA (miRNA) expression. Studies have shown that expression of miR-25, a SERCA2a target miRNA, is positively regulated by the transcriptional co-factor sine oculis homeobox homolog 1 (Six1). Abnormal hypermethylation of CpG islands adjacent to the Six1 promoter was observed in failing hearts, suggesting a decrease in the epigenetic inhibition of Six1 (48).



3.2. microRNAs

Small (<200 nucleotides) non-coding RNAs, including microRNAs (miRNAs), have emerged as crucial gene regulators, and extensive functional studies have demonstrated their significant involvement in key pathogenic mechanisms of HF, including HT and arrhythmia (49–51). Several miRNAs that directly target atp2a2 have also been reported.

MiR-25 has been investigated for its in vivo role in Ca2+ handling and cardiac remodeling. MiR-25 belongs to the miR-106b-25 cluster and resides in the intron of the minichromosome maintenance complex component 7 gene (52). In pressure-overloaded mice, overexpression of miR-25 induced cardiac HT and HF (53). Meanwhile, inhibition of miR-25 by injection of specific antisense oligonucleotides (antagomir) (53) or adeno-associated virus (AAV) vectors encoding miR-25 tough decoy (54) improved cardiac contractility and increased SERCA2a expression. In fact, miR-25 expression was elevated in failing human myocardia (53); however, another mouse model study reported the opposite effect of miR-25 (55). In that study, miR-25 expression in the heart was downregulated in pressure overload. Antagomir-25 treatment accelerated pressure overload-induced cardiac dysfunction and fibrosis. Furthermore, the proposed mechanism of action on miR-25 was interpreted as a result of overactivation of the heart and neural crest derivatives that expressed 2 transcription factors. This discrepancy between cardiac phenotypes can be caused by differences in experimental design, including the disease severity and dose, and duration of antagomir treatment (56). Additionally, there are several candidate miRNAs that directly target SERCA2a, including miR-29c (43), miR-328 (57), and miR-132/212 (58). Importantly, a phase 2 clinical trial (ClinicalTrials.gov, Identifier: NCT05350969) is currently underway to evaluate the effectiveness and safety of an antisense inhibitor of miR-132a in a patient with HF following MI. A small cohort phase 1b study involving CDR132l, an inhibitor of miR-132 that reduces SERCA2 expression, showed promising results in terms of safety and effectiveness, highlighting the potential of miRNA inhibitors in the treatment of HF (59).



3.3. Long non-coding RNAs

Long non-coding RNAs (lncRNAs) are >200 nucleotides long and function as signals or guides, scaffolds, or decoy molecules, and the cell, tissue, or disease-specific expression patterns of lncRNAs make them appealing as potential diagnostic and treatment targets for complex diseases, such as heart disease (60). Located in the antisense strand adjacent to the 5′ end of the Zinc Finger NFX1-Type Containing 1 coding gene (Znfx1), Znfx1 antisense RNA (ZFAS1) (61) has been proposed as an oncogenic lncRNA in almost all types of human malignant tumors. Interestingly, ZFAS1 expression is upregulated in ischemic human and mouse heart tissues (62). Studies on the regulation of in vivo ZFAS1 expression through the AAV system have revealed that ZFAS1 overexpression negatively affects cardiac contractility in MI mice models (62). These physiological results were due to the ability of the ZFAS1 molecule to bind and directly inhibit SERCA2a. However, further experimental evidence is needed to second the regulatory mechanism of ZFAS1 on SERCA2a.



3.4. Circular RNAs

Circular RNAs (circRNAs) ranging in size from hundreds to thousands of nucleotides, with their covalent closed-loop structure and ability to function as miRNA and RNA-binding protein sponges, are gaining attention as a novel modality for cancer treatment (63). Specific circRNAs involved in tumor development are associated with cardiac pathologies. CircRNA produced from the E3 ubiquitin-protein ligase ITCH gene (circITCH) with antitumor activity has been reported in CMs (64). CircITCH expression was reduced in response to doxorubicin treatment both in patients and human-induced pluripotent stem cell-derived CMs models. In a mouse study, AAV-mediated circITCH overexpression prevented doxorubicin-induced cardiac dysfunction and structural remodeling (64). As a mechanism of action, it was proposed that circITCH functions as a competitor of miR-330-5p, which targets the SERCA2a 3′-untranslated region (64).




4. Peptide regulators of SERCA2 activity


4.1. Phospholamban (PLN)

PLN, a phosphoprotein predominantly expressed in the heart, interacts with SERCA2a in its dephosphorylated state, causing conformational changes that reduce the pump's affinity for Ca2+ and slow Ca2+ uptake into the SR (65, 66). Both protein kinase A (PKA) and Ca2+/calmodulin-dependent protein kinase II (CaMKII) induce cAMP-dependent phosphorylation of PLN, alleviating its inhibitory effect on SERCA2a (66). SR-related protein phosphatases, including type I protein phosphatase (PP1), contribute to the reversible phosphorylation of PLN (67). A kinase anchored protein 18delta (AKAP18δ), an adaptor protein, plays a crucial role in recruiting PKA and CaMKII to the SR membrane, facilitating PLN phosphorylation in response to adrenergic stimuli (68, 69). Disruption of PLN–AKAP binding leads to reduced PKA-dependent PLN phosphorylation and impaired SERCA2a activity (68). Additionally, AKAP18δ can form a complex with CaMKIIδ, with binding at different regions regulating its activity in an inverse manner (69). Frequency-dependent double phosphorylation induced by AKAP18δ–CaMKII has been proposed as an adaptive mechanism for the Ca2+ pacing frequency in CMs. Moreover, AKAP18 can modulate PP1 activity by interacting with inhibitor (I-1), a cAMP-regulated phosphoprotein that suppresses PP1 (70). These complex regulatory mechanisms involving PLN phosphorylation and its interaction with various signaling molecules will contribute to the fine-tuned control of intracellular Ca2+ handling in the CM.

In failing human hearts, PLN levels remain stable, whereas SERCA2a levels are decreased, resulting in an increase in the PLN/SERCA2a ratio. AAV-mediated PLN antisense RNA expression enhances SERCA2a function and CM Ca2+ cycling (71). Meanwhile, reduced PLN expression improves cardiac contractility and HF characteristics in cardiomyopathic mice (72). Additionally, PLN phosphorylation is decreased in failing human hearts (73, 74), which is associated with enhanced activity of PP1 (74, 75). Competitive decoys for PP1 resulted in increased phosphorylation of PLN and contractility in CMs and isolated rat hearts (76). Furthermore, PP1 inhibition through overexpression of the constitutively active form of inhibitor 1 (I-1c) rescued cardiac abnormalities in HF mice models (77). More importantly, AAV-mediated expression of I-1c was shown to be effective and did not cause serious toxicity in preclinical HF pig models (78), suggesting its potential for clinical use.

In addition to the arrhythmia-associated R14del mentioned above, two other PLN mutations, Arg9Cys and Leu39Stop, have been reported in familial dilated cardiomyopathy (79, 80). These mutations were associated with either sustained dephosphorylation or absence of PLN; regardless, both resulted in HF phenotypes. These studies suggest the significance of PLN in maintaining heart function in humans. More research on the characteristics of the different types of human PLN mutations is needed to understand their effects on the etiology of heart diseases.



4.2. Dwarf open reading frame (DWORF)

Misannotated several lncRNAs have been identified, and among them is DWORF, a lncRNA that encodes a muscle-specific 34-amino acid peptide serving as an activator of SERCA2a (81). In an initial study, DWORF was proposed to act as a non-inhibitory competitor for PLN that increases the activity of SERCA2a by replacing PLN bound to SERCA2a. It was suggested that Ca2+ dependence is the key factor for PLN/DWORF micropeptide-based SERCA2a regulation (81, 82). However, recent studies showed that DWORF could directly interact with SERCA2a without PLN (83, 84). DWORF is likely to play a role in the reciprocal regulation of SERCA2a with PLN by enhancing the binding properties of SERCA2a during a distinct enzymatic cycle, separate from that of PLN. Specifically, DWORF binds to the E1P and E2P reactive states of SERCA2a, whereas PLN binds to the E1-ATP state (84). Point mutation analysis confirmed that two residues of DWORF, namely Pro15, and Trp22, are critical for its interaction with the SERCA protein. Overexpression of DWORF enhances SERCA2a function and contractility in a DCM mouse model that genetically deleted the muscle-specific LIM domain protein (85). Additionally, decreased DWORF expression was observed in the heart of an MI mouse model, and overexpression of DWORF through the AAV9 system improved heart function following MI (86). Recently, the relevance of DWORF overexpression on cardiac pathogenesis was also reported in a mouse model of Duchenne muscular dystrophy (DMD) (87). As observed in an MI mouse heart, DWORF was reduced in the dystrophin-deficient hearts, wherein SERCA2a function was impaired (87). Enzymatic activity of SERCA, hemodynamic parameters, including maximum left ventricular pressure and ejection fraction, and histological features of cardiac fibrosis were significantly improved in hearts with DWORF overexpression (87). However, there was no improvement in the tau value, the most established index reflecting the diastolic relaxation rate of the heart (88), which is in part due to SERCA2a activity. Given its potential as a therapeutic agent, it is necessary to clarify the detailed regulatory mechanisms of DWORF-mediated SERCA2a activation in pathological settings.




5. Other proteins

Histidine-rich calcium-binding protein (HRC) and small Ca2+ binding protein A1 (S100A1) are intracellular Ca2+ handling proteins that interact with SERCA2a in mouse and human hearts, with their binding being Ca2+-dependent and involving other Ca2+ regulatory proteins such as RyR2 and PLN (89, 90). Specific single-nucleotide polymorphisms in HRC, such as Ser96Ala (S96A), have been associated with arrhythmogenesis in Greek patients with idiopathic dilated cardiomyopathy (91). Gene transfer of S100A1 has shown beneficial effects in preclinical models of HF, including pigs and human CMs highlighting its potential as a therapeutic target (92, 93). However, the challenge of achieving sufficient S100A1 gene delivery within safe doses limits its clinical utility in HF. Recent research has also explored using S100A1 as a diagnostic marker for HF (94).

The PDE3 inhibitor milrinone (Primacor) is used in the treatment of acute decompensated HF, but its long-term use is limited due to the risk of ventricular tachycardia and increased mortality (95). Studies using subtype-specific knockout mice have provided evidence for the role of PDE3A in regulating cardiac inotropic function (96), with PDE3A forming protein complexes in the SR membranes that include AKAP18δ, PKA, PLN, and SERCA2a. Phosphorylated PDE3A recruited to these complexes modulates SERCA2a activity through cAMP-dependent mechanisms by reducing cAMP levels, inhibiting PKA activation, and decreasing PLN phosphorylation, ultimately leading to a reduction in SERCA2a activity (97, 98). Furthermore, PDE3A directly interacts with SERCA2a in a phosphorylation-dependent manner, suggesting the potential for targeting PDE3A by interfering with the interaction between these two proteins (98).



6. Post-translational modifications


6.1. Oxidation

Increased reactive oxygen species (ROS) and oxidative stress are clinically involved in the onset and progression of HF, leading to cellular damage and disease pathogenesis (99). Notably, ROS modification can directly impact cardiac contraction. For instance, the irreversible sulfonylation of SERCA at Cys674 has been demonstrated to disrupt Ca2+ dysregulation and impair contractile function in failing (100) and senescent mouse hearts (101). Another oxidative modification of interest is tyrosine nitration, which involves the addition of a nitro group (-NO2) to position 3 of the aromatic ring of tyrosine residues. These modifications can induce significant structural and functional changes in proteins due to alternations in biochemical properties such as local pKa, redox potential, hydrophobicity, and volume (102). Tyrosine-nitrated proteins have been detected in various pathological conditions and are also associated with aging. In failing and senescent hearts, nitration of Tyr294/Tyr295 of SERCA has been observed (100, 103). This nitration event, occurring near the Ca2+ translocation region in the transmembrane site, is thought to disrupt the helix–helix interaction and interferes with the membrane action required for optimal SERCA activity rates. However, the precise physiological implications of nitrotyrosine modification have yet to be fully elucidated.



6.2. Acetylation/deacetylation

Protein acetylation of lysine residues a reversible and one of the most common types of PTM, and studies have demonstrated the significance of SERCA2a acetylation in HF. Acetylation of Lys492 in SERCA2a reduces Ca-ATPase activity and CM contractility, and elevated levels of acetylated SERCA2a have been observed in HF patients and pressure overload-induced HF models (104). Animal studies employing gain-of-function and loss-of-function approaches have provided evidence that the acetylation status of Lys492 in SERCA2a is regulated by the deacetylase activity of sirtuin 1 (SIRT1). Moreover, treatment of mice with transverse aortic constriction with a SIRT1 activator, such as β-lapachone, demonstrated a preventive effect on pathological structural remodeling. This treatment also reduced SERCA2a acetylation and increased its activity, leading to improved cardiac contractility (104). Another study provided an additional regulatory mechanism of SERCA2a acetylation focused on p300 acetyltransferase, which is required for SERCA2a acetylation (105). In that study, 12 putative acetylated lysines, including Lys492 in SERCA2a mediated by the p300 enzyme, were identified by mass spectrometry analysis. As a result of analyzing biochemical characteristics using an acetylation mimic mutant substituted lysine residue with glutamine, K514Q showed reduced Ca-ATPase activity compared to wild-type and un-acetylated mutant K514R. Moreover, K514Q showed less protein stability than K492Q SERCA2a. The K514Q knock-in CMs also showed impaired contractile properties similar to those of K492Q. These results suggest that the modification of important residues for proper ATP binding, such as Lys492 and Lys514, are highly sensitive to the function of SERCA2 (106). Each acetylated lysine can have diverse effects on various aspects of SERCA2a function, underscoring the need for further in-depth research. Notably, acetylation of non-histone proteins is a critical regulatory mechanism of protein–protein interactions (107). In this regard, the study proposed the involvement of acetylation in the SERCA2a–PLN complex by identifying acetylation in Lys368, an essential residue for binding to PLN. Interestingly, the K368Q mutant of SERCA2a showed increased binding affinity to PLN compared to the wild-type or other KQ mutants, suggesting the potential role of acetylation in modulating the SERCA2a–PLN interaction.



6.3. Glutathiolation

S-glutathiolation is a reversible cysteine modification that results from a reaction between glutathione (GSH, oxidized form) with free thiol. Among the glutathiolated cysteines, Cys674 in SERCA2a is considered the most reactive thiol (108). The oxidation of SERCA2a Cys674 can either stimulate (via reversible glutathiolation) or inhibit (via irreversible sulfonylation) Ca-ATPase activity. In vascular smooth muscle cells, nitric oxide (NO) induces SERCA glutathiolation and enhances SERCA Ca-ATPase activity (109). Nitroxyl (HNO), the one-electron reduced product of NO, exhibits positive inotropic and lusitropic effects on the heart (110). HNO induces biochemical changes in the SERCA2a pump and RyR2 channels in CMs, increasing Ca2+ uptake and release from the SR without triggering abnormal Ca2+ homeostasis (111). In that study, treatment of HNO donor Angeli's salt (AS) increased SERCA2a glutathiolation and SERCA2a activity by approximately 20% and 40%, respectively, in isolated adult rat CMs. In cells overexpressed with wild-type SERCA2b, AS increased SERCA activity by approximately 60%. However, this stimulating effect of AS was not observed in cells overexpressing the C674S mutation of SERCA2b. In a mouse model with the C674S point mutation, which replaced 50% of SERCA Cys674 with serine, CM contractility was reduced (112). The delayed time constant of the intracellular Ca2+ decay (tau values) in C674S mutant mice suggested reduced SERCA activity (112). These findings highlight the significance of cysteine oxidation in both the physiological and pathological aspects of SERCA function. Other studies have shown that PLN contributes to SERCA2 activation through modification of HNO-induced thiol residues or stability of oligomers (113). However, additional research is required to understand the mechanisms of SERCA in glutathiolation and identify the endogenous sources of HNO, particularly in vivo.



6.4. SUMOylation

SUMOylation is a reversible modification wherein a small ubiquitin-like modifier (SUMO) protein conjugates to a lysine residue in a substrate protein, and aberrant SUMOylation has been linked to HF etiology (114–116). Biochemical analysis combined with point mutation studies demonstrated that SERCA2a is the substrate of SUMO1 and that SUMOylation on Lys480 and Lys585 increases Ca-ATPase activity and stabilizes SERCA2a (114). Levels of SERCA2a SUMOylation and SUMO1 were significantly reduced in both human and animal HF (114). Mice that knocked down cardiac SUMO1 expression via AAV9-SUMO1-short hairpin RNA injection accelerated contractile dysfunction and pathological remodeling (114). Meanwhile, restoring SUMO1 expression through gene manipulation (e.g., heart-specific SUMO1-transgenic mice) or gene therapy (e.g., AAV9 vector encoding SUMO1) in mice with HF improved cardiac performance and enhanced the survival rate (114). The therapeutic efficacy of AAV-mediated SUMO1 gene transfer was further confirmed in MI pig models (117). Under pathogenic conditions, SUMO1 restoration improved cardiac function by increasing SERCA activity through improved SERCA2a SUMOylation along, as well as exerted its antioxidant effects (118). Interestingly, SUMO1 restoration significantly reduces SERCA2a oxidation induced by tyrosine nitration, suggesting the protective role of SUMOylation on SERCA2a under pathogenic conditions. Subsequent studies further confirmed that abnormal elevation of miR-146a is involved in SUMO1 deficiency in failing hearts (119). MiR-146a is found in exosomes secreted from myofibroblast and transfers into CMs. Furthermore, a small molecule activator of SERCA2a SUMOylation, namely N106, was discovered (120), which confirmed the efficacy in mice with HF. These results indicate the pathophysiological significance of SERCA2a SUMOylation and its potential as a therapeutic target. In this regard, further in-depth understanding of the therapeutic ranges of SUMOylation and cross-talk with other PTMs is needed.




7. Therapeutic approaches targeting SERCA2a


7.1. Clinical development of SERCA2a gene therapy

AAVs vectors have been developed for delivery in cardiac clinical trials, including studies such as CUPID 1/2, AGENT-HF, and SERCA-LVAD, to evaluate the safety, feasibility, and efficacy of AAV-mediated SERCA2a gene therapy (121–123). The CUPID trials demonstrated the safety and tolerability of AAV1.SERCA2a in patients with advanced HF (NYHA class III/IV). The CUPID phase 1 and early phase 2 trials demonstrated the safety and potential efficacy of intracoronary infusion of AAV1.SERCA2a in improving HF symptoms, left ventricular structure and function, and increasing time to cardiac events. However, the subsequent CUPID-2 trial did not meet its primary endpoints, leading to the premature termination of the AGENT-HF and SERCA-LVAD trials. The exact reason for the failure of the CUPID-2 trial is not fully understood, but the inadequate dosage was identified as a contributing factor to the neutral results of the study (121). As a result, the ongoing CUPID-3 trial (NCT04703842) for patients with HFrEF has implemented an increased therapeutic dose of AAV1.SERCA2a (SRD-001). In December 2022, the U.S. Food and Drug Administration approved an investigational new drug application for SRD-001 in treating cardiomyopathy associated with DMD, making it the first-in-human gene therapy for DMD cardiomyopathy, a leading cause of death in end-stage DMD patients.



7.2. Clinical development of I1-c gene therapy

A recent phase 1 clinical trial (NCT04179643) has been initiated to investigate the potential of I-1c gene therapy in treating patients with NYHA class III HF. The therapy aims to enhance cardiac function by increasing the phosphorylated form of PLN, which is achieved through the inhibition of PP1. The study utilizes an AAV.I-1c vector for delivery, with the BNP116 vector (also called AAV2i8) being the newly designed delivery system. The BNP116 vector incorporates CM-specific receptor binding regions, enhancing cardiac tissue selectivity and efficiency. This novel vector design may be more suitable for translational studies involving cardiac gene delivery compared to conventional AAV vectors (124).



7.3. SERCA allosteric activators

Small molecule CDN1163 (4-[1-Methylethoxy)-N-[2-methyl-8-quinolinyl]-benzamide) was discovered as a pan-SERCA allosteric activator through SERCA–PLN interaction via fluorescence resonance energy transfer and sequential medicinal chemical optimization (125). Studies on in vitro absorption, distribution, metabolism, excretion (ADME) analysis, and mouse pharmacokinetics (PK) provided an initial understanding of the pharmacological properties of CDN1163 (126). The efficacy of the CDN1163 has been studied in diverse animal models of human diseases, including diabetes, Parkinson's disease, and DMD (126–128). Recently, the beneficial effects of CDN1163 have been reported in dystrophin-deficient MDX mice (128). These mice were intraperitoneally injected with 40 mg/kg of CDN1163 for 7 weeks, resulting in improvements in skeletal muscle degeneration and fibrosis compared to the DMSO injection group. Additionally, the grip strength of the MDX mice was improved with CDN1163 treatment. However, CDN1163 treatment did not have an effect on muscle hypertrophy, which is considered a compensatory mechanism of muscle degeneration. It is important to note that dose-dependent experiments with CDN1163 have not been performed extensively due to the compound's low solubility. While CDN1163 shows potential, its effects on the heart were not evaluated in this particular study.



7.4. PLN–SERCA2a dissociation

Compound A is a novel pyridone derivative with SERCA2a inhibitory activity that targets PLN (129). Surface plasmon resonance experiments have demonstrated the direct binding of compound A to PLN within the μM range (129). In that study, physiological effects of Compound A were investigated in both isolated normal rat hearts and normal anesthetized rats. In adult rat CMs, Compound A treatment led to a dose-dependent increase in intracellular Ca2+ handling efficiency and cell contractility. Intravenous infusion of Compound A in normal rats improved diastolic function, but no improvement was observed in systolic function. This suggests that Compound A may have specific effects on diastolic dysfunction. However, the failure of Compound A to improve systolic function raises questions about its mechanism of action, potentially indicating that the dosing regimen used in the study was not sufficient. Further research is needed to explore Compound A, including animal-based studies in disease models, enhancement of its potency, and optimization of its PK properties.

Istaroxime ([3Z,5α)-3-[(2-Aminoethoxy)imino]androstane-6,17-dione, formerly PST2744) is a steroidal inotrope with a similar mechanism of action as digoxin but less arrhythmic (130). It has a dual activity, inhibiting the membrane Na+/K+-ATPase pump and stimulating SERCA2a (131). The molecular mechanism of istaroxime involves targeting a pocket formed by the interaction between SERCA2a and PLN or direct binding to specific sites on PLN (132). Clinical studies have proved the positive effects of istaroxime in patients with acute HF (133, 134). A phase 2 trial (NCT04325035) investigated the safety and efficacy of istaroxime and was conducted in patients with acute decompensated HF with persistent hypotension. Although the trial did not reach its primary endpoint, it was found that istaroxime increased systolic blood pressure and improved echocardiogram parameters without increasing the risk of arrhythmias or renal dysfunction (134). As mentioned earlier, the potential efficacy of istaroxime in improving HFpEF has been demonstrated in a preclinical model (38). Recent studies have also suggested that istaroxime may improve overall cardiac function in HFpEF patients by lowing reducing exercise-induced pulmonary capillary wedge pressure (135). Continued studies and clinical trials will provide valuable insight into the therapeutic potential of istaroxime for HFpEF and guide its appropriate use in clinical practice. Efforts to overcome the limitations of istaroxime, such as its very short half-life (<1 h) and lack of SERCA2 selectivity, have led to the development of its metabolite, PST3093 (136). In patients with HF, PST3093 showed a much longer half-life (approximately 9 h) than istaroxime (137). PST3093 does not inhibit the Na+/K+-ATPase pump, but it was suggested that it enhances SERCA2a activity. PST3093 activity also demonstrated improved efficacy over istaroxime in a rat model of diabetic cardiomyopathy (137). However, the in vivo efficacy of PST3093 was assessed only by echocardiography, and optimization of treatment conditions for istaroxime comparison experiments is required. Furthermore an in-depth study is needed on how PST3093 stimulates SERCA2a activity.

Intracellular acting antibodies targeting PLN. Variable domains of the heavy chain antibody (VHH) intrabodies, derived from camelids, have emerged as a novel class of therapeutics due to their small size and ability to target intracellular antigens, offering advantages over traditional antibodies (138). Clinical development of VHH intrabodies, such as caplacizumab for acquired thrombotic thrombocytopenic purpura, is underway (139). Recent research has shown that VHH intrabodies targeting pentameric PLN have potential therapeutic applications for improving cardiac function (140). In this study, the VHH intrabodies targeting pentameric PLN (both non-phosphorylated and phosphorylated forms) were identified, and subsequently, co-immunoprecipitation experiments confirmed the PLN-binding VHH intrabody expression. In a mouse model of dilated cardiomyopathy, the hemodynamic analysis demonstrated improved cardiac contractility after injecting an AAV9 vector carrying a PLN-targeted intrabody (140). The study also identified a specific intrabody that can bind specifically to phosphorylated (Ser16) PLN peptides. However, the phosphorylated PLN specific intrabody showed moderately inhibited Ca2+ cycling in adult mouse CM, although its expression level was similar to that of the pentameric PLN targeting intrabody (140). Targeting PLN (particularly distinct from phosphorylated forms) with intrabodies provides an accurate and efficient approach to modifying cellular physiology for the aforementioned PLN mutation-associated cardiomyopathy and other cardiac disease associated with dysregulation of PLN activity.



7.5. PDE3A–SERCA2a dissociation

OptF (optimized fragment F) is a small peptide derived from the PDE3A sequences and optimized for binding affinity (141). Early attempts to develop PDE3 inhibitors for the treatment of HF were limited by off-target effects and poor selectivity. However, a new strategy has emerged, targeting PDE3A localized to the SR to develop activators of SERCA2a. In that experimental studies, treating CMs with the specific peptide OptF, which disrupts the binding between PDE3A and SERCA2a, has been shown to enhance the activity of SERCA2a independently of the catalytic activity of PDE3A. Moreover, injection of AAV vectors encoding PDE3A/SERCA2a interfering peptides into mice with pressure-overloaded HF improved animal survival compared to non-treated controls. However, it is noteworthy that this treatment did not have a significant effect on cardiac remodeling. Further studies are required to demonstrate the potential benefit of targeting the PDE3A/SERCA2a interaction using peptides such as OptF for the treatment of HF.



7.6. SERCA2a SUMOylation activators

N106 (4-Methoxy-N-[5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-yl-2-benzothiazolamine]) is a first-in-class SERCA2a SUMOylation activator. N106 stimulates SUMO-activating enzyme E1 to activate intrinsic SERCA2a SUMOylation, enhancing SERCA2a function and improving cardiac contractility in a HF mouse model (120). Studies on ADME, mouse PK, and NCI-60 tests have supported the pharmacological properties and off-target effects of N106 (120). The therapeutic efficacy of N106 is currently being evaluated in animals with DMD.

Ginsenosides Rg3 (Rg3) are a group of steroidal saponins found in ginseng with pharmacologically active abilities. In a recent study, the potential therapeutic effects and mechanisms of Rg3 were evaluated in a pressure-overload-induced HF mouse model (142). Treatment with Rg3 significantly improved heart function in HF mice with an increase in SUMOylation levels and SERCA2a activity (142). Meanwhile, the positive effects of Rg3 in HF were limited in SUMO1 knockout mice, supporting the mechanism of Rg3 action (142). Also, Rg3 treatment induced Ubc9 expression, a SUMO conjugating enzyme E2 in HF mice, suggesting the presence of additional molecular mechanisms involved in cardiac SUMOylation.

Luteolin (3′,4′,5,7-tetrahydroxy flavone) is the most common flavonoid in plants and has biological activities and PK properties (143). Numerous animal studies have demonstrated the cardioprotective properties of luteolin, which involve the partial modulation of SERCA2a through different mechanisms. One mechanism involves the upregulation of the Sp1 transcription factor. Luteolin has been shown to enhance the expression of Sp1, which in turn leads to an increased level of SERCA2a (144). Another mechanism involves the upregulation of SUMO1. Luteolin has been reported to increase the levels of SUMO, which promotes the SUMOylation of SERCA2a (145). This modification enhances the activity and stability of SERCA2a. Furthermore, luteolin has been found to increase the phosphorylation of PLN through the inhibition of the p38 MAPK signaling pathway (145). However, clinical studies focused on luteolin were limited.



7.7. SERCA2a deacetylation enhancers

β-lapachone (3,4-dihydro-2,2-dimethyl-2H-naphthol[1,2-b]pyran-5,6-dione, ARQ761 in clinical form) is an antitumor drug currently undergoing clinical development. It has been shown to directly kill cancer cells that overexpress NADH-quinone oxidoreductase 1 (146). In addition to its antitumor effects, β-lapachone has been found to stimulate SIRT1 deacetylase activity by modulating cellular NAD+/NADH ratios under pathogenic cardiac conditions, thereby regulating SERCA2a acetylation and deacetylation (104). Pharmacological activation of SIRT1 through β-lapachone treatment can facilitate the restoration of SERCA2a activity by promoting deacetylation in vivo (104). Further studies strongly suggest that SIRT1 activators, such as resveratrol, can potentially treat heart disease, including diabetic cardiomyopathy and HF, by enhancing SERCA2a (147–149).

Resveratrol (3,4′,5,-trihydroxystilbene), a natural polyphenolic compound, is a potent activator of SIRT1 and cardioprotective properties under conditions where SIRT1 is depleted. In a mouse model of chronic type 1 diabetes, a study showed that streptozotocin (STZ) administration led to a progressive decline in cardiac function accompanied by decreased levels of SERCA2a and SIRT1 proteins (147). However, the treatment of resveratrol had a significant positive impact on both SERCA2a expression and cardiac function (147). In high glucose conditions, resveratrol counteracted the suppression of the SERCA2a promoter activity in cultured CMs, and this protective effect relied on the activation of SIRT1. Additionally, mice lacking one copy of the SIRT1 gene showed increased sensitivity to STZ-induced decline in SERCA2a mRNA (147). Resveratrol was able to prevent pressure-overload-induced alternation of multiple key Ca2+ handling proteins, including the SERCA2a pump, PLN, NCX, and RyR2 in rats (148). In that study, resveratrol effectively prevented the development of cardiac dysfunction, chamber dilation, and fibrosis in aortic-banded rats, with the timing of treatment being a critical factor for achieving regression of HT (148). Clinical studies estimating the safety and efficacy of resveratrol for the treatment of HF are limited. However, a small cohort study conducted in a single center reported positive outcomes in NYHA class II-III HF patients with reduced ejection fraction demonstrating improvements in cardiac function, exercise capacity, and quality of life, along with reductions in cardiac biomarkers and inflammatory cytokines (149).The treatment duration was relatively short (12 weeks), and the lack of placebo groups in the study requires further research in this area.




8. Discussion

Based on current evidence, therapies targeting the restoration or upregulation of SERCA2a have the potential to effectively manage HF across diverse underlying causes, particularly in the chronic phase of diseases, by improving both systolic and diastolic function, offering significant advantages for patients. However, it should be is considered that excessive upregulation of SERCA2a, as observed in animal studies, may have negative effects. For instance, overexpression of the skeletal muscle isoform of SERCA (SERCA1a) in hypertrophic rat hearts resulted in weakened cardiac function (150). This detrimental effect may be due to a potential limitation of Ca2+ transient amplitude in the CMs caused by high expression of SERCA1 protein (151), which exhibits faster Ca2+ transport kinetics properties compared to SERCA2a. Furthermore, compensatory enhanced SR-cytosol Ca2+ cycling in the early stage of HT suggests that the efficacy of SERCA2a gene therapy may be maximized during late-stage remodeling (152). However, these findings are derived from small animal studies and should be interpreted with caution, as they may not directly apply to humans.

In addition to targeting SERCA2a directly, novel approach are being explored to enhance the clinical efficiency of SERCA2a therapy. One such approach involves combining SERCA2a gene therapy with drugs targeting PTM as a fine-tuning mechanism in the treatment of various patients. The potential synergetic effects of SERCA2a and SUMO1 have been identified in a pig model of HF (115). Further studies on combination treatments with SERCA2a gene therapy and PTM modulators, such as SUMO1 molecules or N106, are needed to advance this perspective.

MiRNAs targeting SERCA2a have shown promise as potential therapeutic agents. However, there are no miR-based drugs have reached phase 3 clinical trials yet, and careful consideration is needed for problems related to on/off-target side effects and safety issues arising from targeting multiple genes. However, with the rapid advancement of RNA therapeutics, there are opportunities for the future development of miRNA-based drugs.

Antibody and peptide inhibitors represent promising approaches for targeted and specific modulation of SERCA2a activity in the preclinical setting. These inhibitors, although still in the early stage of development, can be designed to address specific dysfunctions or regulatory mechanisms associated with SERCA2a in the context of HF.



9. Future directions

Understanding the complex mechanisms underlying SERCA2a expression and activity regulation in pathological settings is a focal point of numerous studies in the field. Developing isoform- and tissue-specific modulators with minimizing off-target effects represents a challenging yet pivotal goal, as it will significantly advance SERCA2a-targeted therapy. Therefore, it is vital to comprehend the long-term effects of SERCA2a modulators, including their impact on cardiac remodeling, arrhythmia, and overall outcomes. Moreover, investigating potential synergies and safety profiles when combining SERCA2a modulators with other therapies, such as beta-blockers or angiotensin-converting enzyme inhibitors, remains a complex challenge. By employing diverse approaches like gene therapy, pharmacological agents, miRNAs, antibodies, or peptide inhibitors, to target SERCA2a modulators, we can potentially enhance SERCA2a levels and activity in a more precise and controlled manner. This personalized strategy holds promise for optimizing the SERCA2a function. Rigorous research and well-designed clinical trials are imperative to establish these therapeutic approaches’ efficacy, safety, and long-term benefits in treating HF.
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