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Cardiovascular diseases pose a serious threat to human health. The onset of cardiovascular diseases involves the comprehensive effects of multiple genes and environmental factors, and multiple signaling pathways are involved in regulating the occurrence and development of cardiovascular diseases. The Hippo pathway is a highly conserved signaling pathway involved in the regulation of cell proliferation, apoptosis, and differentiation. Recently, it has been widely studied in the fields of cardiovascular disease, cancer, and cell regeneration. Non-coding RNA (ncRNAs), which are important small molecules for the regulation of gene expression in cells, can directly target genes and have diverse regulatory functions. Recent studies have found that ncRNAs interact with Hippo pathway components to regulate myocardial fibrosis, cardiomyocyte proliferation, apoptosis, and hypertrophy and play an important role in cardiovascular disease. In this review, we describe the mode of action of ncRNAs in regulating the Hippo pathway, provide new ideas for further research, and identify molecules involved in the mechanism of action of ncRNAs and the Hippo pathway as potential therapeutic targets, with the aim of finding new modes of action for the treatment and prevention of cardiovascular diseases.
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1 INTRODUCTION
Cardiovascular disease (CVD) is one of the main diseases that affects human health. According to the latest data from the American Heart Association, cardiovascular disease is currently the main cause of death globally, which presents a great economic burden to society worldwide (Tsao et al., 2023) therefore, it is important to delve into the pathophysiological molecular mechanisms involved in cardiovascular diseases. The Hippo pathway is crucial in heart development and homeostasis. Components of the Hippo pathway were first identified as tumor suppressors in Drosophila melanogaster (Justice et al., 1995). Recent research has found that the Hippo pathway and its downstream transcriptional co-activators YAP/TAZ play crucial roles in environmental homeostasis, organ size, tissue regeneration, and stem cell function (Johnson and Halder, 2014; Panciera et al., 2017; Dey et al., 2020). Dysfunction of the Hippo pathway can cause changes in the cardiac structure and function, leading to diseases such as heart failure, cardiomyopathy, coronary heart disease, arrhythmia, and cardio-oncology disease (Xin et al., 2013; Zhou et al., 2015; Wang et al., 2018). Therefore, the Hippo pathway is a promising therapeutic target for cardiovascular diseases. Many small-molecule compounds targeting the Hippo pathway have been developed, among which non-coding RNA (ncRNA) is expected to become a new treatment for cardiovascular diseases.
NcRNA was initially considered to be a form of “genetic noise” without practical functions, transcribed from the evolutionarily unrelated DNA and non-coding sequences in the genome (Struhl, 2007). However, recent studies have found that ncRNA can participate in the regulation of a variety of physiological and pathological processes by regulating the transcription and translation of genes, and plays important roles in cancer, cardiovascular diseases, neurological diseases, and other diseases (Beermann et al., 2016; Li et al., 2021; Chen et al., 2022). Among ncRNAs, miRNA, circRNA, and lncRNA are the most widely studied and mature ncRNAs and have been found to play important roles in cardiovascular function and dysfunction. They not only participate in heart development and disease occurrence and development, but also can be used as potential biomarkers for disease prediction and monitoring (Beermann et al., 2016; Rai et al., 2021; Zhang et al., 2021). In addition, ncRNA can be delivered to cells and extracellular environments as drugs to play a role in treating and preventing diseases (Shah and Giacca, 2022). Therefore, studying the role of these small molecules in the body is crucial and can provide strategies for advancing drug development and clinical application. In recent years, an increasing number of studies have revealed the molecular mechanisms by which ncRNAs participate in the regulation of the Hippo pathway in cardiovascular diseases, providing new ideas for the prevention and treatment of cardiovascular diseases.
In this review, we discuss the important role of the Hippo pathway in heart development and cardiovascular disease and further summarize the known ncRNAs, especially miRNAs, circRNAs, and lncRNAs that play a role in cardiovascular disease by regulating the Hippo pathway to provide feasible ideas and strategies for the treatment of cardiovascular disease and cardiac regeneration.
2 HIPPO SIGNALING PATHWAY
The Hippo pathway primarily plays a role in growth control, tumor inhibition, and the promotion of cell apoptosis, which are crucial for controlling organ size and body homeostasis. The core components of Hippo signaling in mammals include Mammalian sterile 20-like 1/2 (MST1/2, also called STK4/3), Salvador (SAV1), Large tumor suppressor homolog 1/2 (LATS1/2), MOB kinase activator 1A/B (MOB1a/b), Yes-associated protein (YAP)/transcriptional co-activator with PDZ binding motif (TAZ, also called WWTR1), Vestigial-like family member 4 (VGLL4), and transcription factors TEAD family of transcription factors (TEAD1-4) (Yu et al., 2015).
When mammalian cells receive signals from both intracellular and extracellular stimuli, such as cell contact inhibition, cell adhesion and polarity, cytoskeletal remodeling, osmotic pressure, cell energy status, soluble factors, mechanical forces, stress signals, bacterial infection, and G protein-coupled receptors (GPCR) ligand signals, positive or negative upstream regulators of the Hippo pathway recognize these signals at the plasma membrane and transmit them to the core kinase cascade of the Hippo pathway. However, the mechanisms by which these upstream regulators respond to various input signals remain unclear (Yu et al., 2015; Moya and Halder, 2019; Zheng and Pan, 2019; Wang et al., 2022).
The Hippo pathway is activated or closed by various upstream regulatory factors and environmental signals. When the core kinase cascade of the Hippo pathway is activated, MST1/2 and its cofactor SAV become phosphorylated and further phosphorylate the downstream protein LATS1/2 and its scaffolding protein, Mob1. The hippo pathway becomes switched to the “on” state, and the phosphorylated LATS1/2 further phosphorylates YAP and TAZ, which consequently cannot enter the nucleus and bind to 14-3-3 protein in the cytoplasm and are subsequently degraded by the proteasome. VGLL4 competitively binds to TEAD via YAP and inhibits gene transcription. The kinase cascade becomes inactive when the upstream negative regulator acts on the kinase cascade, the Hippo pathway is inactivated, and YAP/TAZ enters and accumulates in the nucleus and cannot directly bind to DNA. Therefore, binds to the transcription factor TEAD instead to promote the transcription of genes related to cell proliferation, cell cycle, and fibrosis, which contributes to the occurrence of cancer and tissue repair and regeneration (Johnson and Halder, 2014; Yu et al., 2015; Misra and Irvine, 2018) (Figure 1).
[image: Figure 1]FIGURE 1 | The mechanism of Hippo pathway and the hippo targets of ncRNAs. (A) the Hippo pathway is inactivated. YAP and TAZ cannot enter the nucleus and are subsequently degraded by the proteasome. (B) the Hippo pathway is activated. YAP/TAZ enters and accumulates in the nucleus and promote the transcription of genes. MST1/2: Mammalian sterile 20-like 1/2; SAV1: Salvador; LATS1/2:Large tumor suppressor homolog 1/2; MOB1a/b:MOB kinase activator 1A/B; YAP:Yes-associated protein; TAZ: transcriptional co-activator with PDZ binding motif; VGLL4:Vestigial-like family member 4; TEAD1-4: transcription factors TEAD family.
Based on the above basic modes of action of the Hippo pathway, several aspects require research attention: 1. YAP/TAZ activity can be regulated by upstream inputs independent of the kinase cascade, which includes other kinases such as 5′AMP-activated protein kinase (AMPK), Abelson tyrosine-protein kinase (Abl), and the proto-oncogene tyrosine-protein kinase Src, as well as the actin cytoskeleton (Piccolo et al., 2014). 2. In addition to TEAD, nuclear YAP/TAZ has been shown to interact with other transcription factors, including Smad, RUNT-related transcription factor 1/2 (RUNX1/2), p63/p73, T-box transcription factor 5 (TBX5), and ErbB4 (Johnson and Halder, 2014; Varelas, 2014). 3. The expression of VGLL4 is repressed by miR-130a, which is directly induced by YAP, leading to the amplification of YAP activity (Shen et al., 2015). 4. YAP/TAZ exists in both the nucleus and cytoplasm, and its distribution is not static but constantly shuttles between the nucleus and cytoplasm. The cellular location of YAP/TAZ and its dominant distribution in the nucleoplasm depend on its relative rate of nuclear input and output, which depends on its degree of phosphorylation, cell type, context environment, and other factors affecting nuclear output and nuclear input (Manning et al., 2020). As the transcriptional function of YAP determines cell fate and the function of the Hippo pathway, it is important to pay attention to its distribution and related regulatory factors.
3 NON-CODING RNA
ncRNA previously was considered as evolutionary “junk” (Beermann et al., 2016). In 2012, the Encyclopedia of DNA Elements (ENCODE) project unveiled the human genome. It revealed that less than 2% of the human genome encodes proteins and that most of the remaining sequences appear to participate in biochemical activities that may be functionally important (Encode, 2012). Moreover, the emergence of gene sequencing tools, such as RT-PCR (reverse transcription-polymerase chain reaction), next-generation sequencing, and microarray analysis, has made it possible to rapidly sequence nucleic acids at a large scale, and thus they are considered powerful tools for studying the specific characteristics of ncRNA and related diseases (Loganathan and Doss, 2023).
As we all know, according to the length and mechanism of ncRNA, it can be divided into two categories (Figure 2). The first is a short non-coding RNA with a length of less than 200 bp, which mainly includes micro-RNA (miRNAs), small nucleolus RNAs (SnoRNAs), micronucleus RNAs, Piwi-interacting RNAs (PiRNAs), small interference RNAs (SiRNAs), transfer RNAs (tRNAs), tRNA-derived fragment (TRFs) and YRNA fragment (YRNAs). This class is represented by miRNA, which regulates gene expression by directly acting on mRNA. The second type is long-chain noncoding (lncRNAs) and circular RNA (circRNAs) with a length of more than 200 bp, which regulate gene transcription by acting on miRNA indirectly or directly on mRNA. In this article, we will mainly discuss miRNAs, lncRNAs and CircRNAs, which are the most widely studied at present (Ali et al., 2021).
[image: Figure 2]FIGURE 2 | Classification of non-coding RNAs. According to the length and mechanism of ncRNA, the non-coding RNAs can be divided into two categories, length of less than 200 nucleotides and more than 200 nucleotides in length.
miRNAs are short-chain (approximately 21–25 nucleotides) single-stranded ncRNA. In most cases, they target the 3′untranslated region (3′UTR) of mRNA through RNA silencing complex (RISC), leading to mRNA degradation and translation inhibition (O'Brien et al., 2018; Donde et al., 2022). In rare cases, miRNAs can regulate gene expression by inducing translation activation and transcriptional regulation (O'Brien et al., 2018). In addition, miRNAs can be secreted into the extracellular and circulatory systems to maintain regulatory activity, thus serving as intercellular communication signals and potential disease biomarkers (O'Brien et al., 2018).
CircRNA is a special ring long chain ncRNA, which is formed by covalent closure of the 5′and 3′ends, lacks a cap and tail, and is largely conserved between species, especially between mice and humans (Brozzi and Regazzi, 2021; Sygitowicz and Sitkiewicz, 2022). CircRNA is considered primarily a miRNA “sponge,” serving as a competitive inhibitor that contains multiple miRNA binding sites, preventing miRNA from binding to mRNA and inhibiting the degradation of mRNA (Sygitowicz and Sitkiewicz, 2022). In addition, CircRNA can also act on RNA binding proteins (RBPs) as a “sponge” to regulate gene transcription and translation (Sygitowicz and Sitkiewicz, 2022).
LncRNAs are a kind of ncRNA that is spliced, capped, polyadenylated and transcribed by RNA polymerase II, with a length of more than 200 nucleotides. It is highly conserved and exhibits tissue specificity. It has a highly conserved function, but its sequence is usually not conserved between species. Furthermore, the ambiguity of its characteristics and high instability increase the complexity of its function and classification, which has greatly challenged research into this type of ncRNA, making it the most complex type of ncRNA (Andergassen and Rinn, 2022; Chen et al., 2022; Nojima and Proudfoot, 2022). The subcellular localization of lncRNAs is closely related to their functions. Most lncRNAs are localized in the nucleus. They can change the chromatin environment by directly binding to DNA or interacting with proteins, such as chromatin-modifying proteins, mediating gene silencing or activation, and regulating gene expression and DNA repair. Additionally, lncRNAs located in the nucleus participate in transcriptional regulation. LncRNAs are crucial for the assembly and function of nuclear aggregates and play a role in nuclear stability (Statello et al., 2021). LncRNAs can also be secreted into the cytoplasm, and some directly bind to proteins to form lncRNA protein complexes (lncRNPs), leading to changes in mRNA splicing and conversion. In addition, lncRNAs can serve as sponges for miRNAs, preventing their binding to mRNA. lncRNA found in the cytoplasm may also originate from organelles, where lncRNA in exosomes enter receptor cells through secretion into the extracellular and circulatory systems and participate in epigenetic regulation, cell-type reprogramming, and genomic instability. Furthermore, lncRNA in mitochondria is closely associated with metabolism, apoptosis, and the interactions between mitochondria and nuclei (Statello et al., 2021).
4 NCRNA/HIPPO PATHWAY IN CARDIAC DEVELOPMENT
The Hippo pathway is crucial for heart development and size control. Heart development in embryos begins in the mesoderm, and heart size depends on the increase in the number of cells during embryonic development. Studies have shown that the Hippo pathway plays an indispensable role in embryonic heart development (Table 1).
TABLE 1 | Hippo signaling kinases and mediators involved in cardiac development.
[image: Table 1]4.1 Hippo signaling kinases and mediators in cardiac development
4.1.1 YAP
Deletion of the YAP gene resulted in the death of most rat embryos by lethal myocardial hypoplasia before E16.5, which was caused by a reduction in cardiac cell proliferation. Inhibition of YAP activity has been reported to regulate primitive streak (PS) differentiation in the anterior PS (APS), which is a precursor of the cardiac mesoderm (Hsu et al., 2018). Hsu et al. (Hsu et al., 2018) found that a loss of YAP expression caused hESCs to differentiate into APS in response to the regulation of ACTIVIN, accompanied by the upregulated expression of pan-PS and APS genes, such as SOX17 (SRY (sex determining region Y)-box 17), and generated viable cardiomyocytes under the action of YAP inhibitors by constructing a YAP knockout model and using a mixture of YAPi molecules. Additional studies led us to hypothesize that the loss of YAP in hESCs activates endogenous WNT3 signaling and allows SMAD2, 3 to induce the expression of pan-PS and APS genes under the action of ACTIVIN-induced differentiation. Therefore, YAP plays an important role in regulating the differentiation of cardiomyocyte lineages. In addition, cardiac cell proliferation increases after overexpression of YAP in vivo, causing dramatic myocardial overgrowth and expansion of the trabecular myocardium, which requires the interaction of YAP-TEAD (von Gise et al., 2012). Analysis of related genes showed that YAP may promote the proliferation of cardiomyocytes by inducing the expression of cyclin A2 (CcnA2), cyclin B1 (CcnB1), cyclin-dependent kinase 1 (Cdc2), and Ect2 and inhibiting the expression of the apoptosis-promoting genes Cabc1 and death associated protein kinase (Dapk) (von Gise et al., 2012; Xin et al., 2011). YAP may also promote cardiac proliferation by activating insulin-like growth factor (IGF), which results in the inactivation of glycogen synthase kinase 3b (GSK-3β), leading to increased expression of β-catenin, a positive regulator of cardiac growth. Additionally, the expression of potassium voltage-gated channel subfamily E regulatory subunit 3(Kcne3), N-myc downstream regulated gene 1 (Ndrg1), and immediate early response 3(Ier3), which are regulated by β-catenin, is also significantly increased by YAP, further indicating that YAP promotes the expression of β-catenin. YAP can also increase cardiomyocyte proliferation by promoting the activation of the PI3K-AKt signaling pathway, which is mediated by Pik3cb in cardiomyocytes (Xin et al., 2011; Lin et al., 2015). Furthermore, in human embryonic stem cell-derived CMs (hESC-CMs) cultured at a low density, an increase in nuclear YAP expression mediated epidermal growth factor receptor (EGFR) signaling, thereby increasing cardiomyocyte proliferation (Park et al., 2018).
Murphy et al. (Murphy et al., 2021) used Ingenuity Pathway Analysis (IPA) to analyze factors affecting cardiomyocyte maturation, and the results showed that transcription cofactors and a group of nuclear receptors (PPAR, thyroid hormone receptor, and retinol receptor) may be upstream transcription regulators. Further research confirmed that YAP, a component of cardiac hypertrophy, is a key regulator of PGC1/PPAR signal transduction in cardiomyocyte maturation (Murphy et al., 2021). In addition, in zebrafish, sphingosine 1-phosphate- S1P receptors2 (S1P-S1pr2) signaling induces YAP nuclear translocation and increases YAP/TEAD-dependent ctgfa expression via Lats1/2 inactivation in the endoderm, ensuring proper formation of the endoderm, which is required for the migration of cardiac precursor cells (CPCs) to the midline to form the cardiac tube (Fukui et al., 2014). The dystrophin glycoprotein complex (DGC) is a multi-component transmembrane complex that connects the actin cytoskeleton and the extracellular matrix, which is essential for CM homeostasis. DAG1, a component of DGC, directly binds to YAP to inhibit its nuclear translocation and transcriptional activity, which in turn inhibits the proliferation of cardiac myocytes and may play a role in the maturation of cardiac myocytes after birth. Hippo-induced YAP phosphorylation further enhances the Yap-DAG1 interaction (Morikawa et al., 2017). Therefore, Hippo-Yap-DGC forms a negative regulatory loop that prevents the postnatal proliferative response of the heart and regulates postnatal heart development. Moreover, Vite et al. (Vite et al., 2018) and Ragni (Ragni et al., 2017) found that the components of cell junctions, α-catenin and atypical cadherin Fat4, mediate the cytoplasmic localization of YAP in a non-hippo pathway dependent manner during the formation of mice neonatal cardiac cell junctions, inhibiting cell proliferation. This finding provides a new understanding for the loss of the proliferative ability of mammalian neonatal cardiac myocytes.
In addition, YAP target genes are preferentially expressed in fetal hearts and promote the proliferation of cardiomyocytes. They primarily comprise three categories: cell cycle (cyclin E2(Ccne2) and cyclin dependent kinase 6(Cdk6)) and cell division (aurora kinase B (Aurkb), baculoviral IAP repeat containing 5(Birc5), spindlin 1(Spin1), and assembly factor for spindle microtubules (Aspm)) genes; genes involved in cytoskeleton formation and cell migration (ENAH actin regulator (Enah), FYVE, RhoGEF and PH domain containing 4(Fgd4), and MTSS I-BAR domain containing 1(Mtss1)); and genes connecting the actin cytoskeleton to the extracellular matrix (catenin alpha 3(Ctnna3), sarcoglycan delta (Sgcd), and talin 2(Tln2)) which sense external mechanical forces, transmit external signals to cells, and promote cell migration, division, and proliferation (Morikawa et al., 2015).
4.1.2 YAP + TAZ
Although TAZ deletion in the embryo does not result in any cardiac defects, it plays an essential role in the formation of cardiac trabeculation and maturation of both the ventricular chamber and cardiac wall. TAZ regulates cardiomyocyte expression of the tp1 Notch reporter gene in a cell-autonomous manner, promoting the maturation of cardiac trabeculae. Simultaneously, developing hearts with TAZ deficiency exhibit differentially expressed genes, among which, genes regulating the actomyosin network, including myosin heavy chain 10(myh10) and myosin binding protein Hb (mybphb), affect the maturation of trabeculae (Xin et al., 2013; Lai et al., 2018; He et al., 2022). The knockout of YAP/TAZ in the epicardium of mouse embryos is embryonically lethal, resulting in defective coronary arteries (Singh et al., 2016; Xiao et al., 2018). During embryonic epicardium development, YAP/TAZ promotes the development of the coronary artery by partially regulating the expression of T-box transcription factor 18(Tbx18) and Wt1, affecting the proliferation and migration of epicardium cells, epicardial epithelial-to-mesenchymal transition (EMT), and other processes (Singh et al., 2016). Artap et al. (Artap et al., 2018) and Bornhorst et al. (Bornhorst et al., 2019) investigated the role of Hippo signaling in the endocardium of developing hearts. They found that YAP/TAZ in the endocardium could respond to connective tension transduced by the endothelial-specific adherens junction protein cadherin-5 (VE-cadherin), resulting from the enlargement of the atrial volume, to promote the proliferation of endocardial cells. However, their study found that neuregulin 1(Nrg1) expression was reduced and Nrg1-mediated cardiac erb-b2 receptor tyrosine kinase 2 and 4 (ErbB2/4) signaling was impaired by knocking out YAP and TAZ in the embryonic endocardium. This affects the differentiation of trabecular muscle cells, leading to a thin, dense myocardium and early postnatal mortality.
The rapid proliferation of second cardiac field (SHF) progenitor cells occurs at the two poles of the heart to continuously extend the cardiac tube (Christoffels and Jensen, 2020). During differentiation from the mesoderm to CPCs in the heart, the Hippo pathway determines the number of SHF CPCs formed at the early cardiac venous pole, which further determines the size of the atrium. This process occurs by inhibiting the activity of YAP/TAZ and expression of bone morphogenetic protein 2b (Bmp2b) and heart and neural crest derivatives expressed 2(hand2) (Fukui et al., 2018). The epithelial tension generated in this process promotes the extension of the cardiac tube, and that mechanical tension affects the speed and direction of cell division. In the corresponding area of the embryonic epithelial tension increase, cell mitosis is also significantly increased, and the level of YAP/TAZ expression is also highly increased in the nucleus. When a YAP inhibitor is used, the proliferation of epithelial cells is significantly reduced, indicating that YAP may convert mechanical force signals into cell division and proliferation signals, thus promoting the extension of the cardiac tube (Francou et al., 2017).
4.1.3 LATS1/2
The knockout of LATS1/2 in the epicardium of mouse embryos is embryonically lethal, resulting in defective coronary arteries (Singh et al., 2016; Xiao et al., 2018). Gan M. et al. (2020) reported that p-LATS1/2 inhibits mTORC1 signaling to control heart size by directly phosphorylating S606 of Raptor to attenuate mTORC1 kinase activation.
Loss of LATS1/2 promotes an increase in the number of C20 cells, a transitional cell type with the same characteristics as epicardial and primitive cardiac fibroblasts, in the subepicardial space while increasing the nuclear activity of YAP. YAP-TEAD inhibits the expression of dipeptidyl peptidase 4(Dpp4) and dehydrogenase/reductase 3(Dhrs3), leading to defective differentiation of subepicardial C20 cells into fibroblasts and defective coronary vascular development (Xiao et al., 2018). Notably, phosphorylated MST1 activates the Hippo pathway via phosphorylation of LATS2, further increasing cardiomyocyte apoptosis by upregulating Bcl-xL expression. LATS2 can also decrease protein synthesis by increasing the phosphorylation of the negative regulator of hypertrophy, eEF2, by reducing the phosphorylation of Akt and p70S6K independently of regulating the apoptosis system and decreasing cardiomyocyte size in vitro. Mice overexpressing LATS2 exhibited a decline in ventricular mass accompanied by limited diastolic function, and the number of single cells did not change, further demonstrating that the Hippo pathway controls the size of the heart by promoting cardiomyocyte apoptosis and inhibiting cardiomyocyte hypertrophy in mice after birth (Matsui et al., 2008).
4.1.4 TEAD
TEAD has been demonstrated to interact with myocyte serum response factor (SRF) and myocyte enhancer factor-2 (MEF2) to regulate the expression of cardiomyocyte genes and is necessary for the development of heart embryos (Chen et al., 1994; Gupta et al., 2001; Maeda et al., 2002). TEAD is highly expressed in the late embryo and early postnatal periods, which coincides with the proliferation of cardiac myocytes (Liu et al., 2017).
4.1.5 Mst1/2
Li et al. (Li et al., 2013) knocked out Mst1 and Mst2 in mice embryo cells, which resulted in fast proliferation of Mst−/−ES cells accompanied by a decrease in intracellular phosphorylated YAP levels and an increase in YAP nuclear activity. At the same time, the expression of the YAP downstream target genes connective tissue growth factor (Ctgf) and cysteine rich angiogenic inducer 61 (Cyr61) increased; however, Mst−/− ES cells failed to differentiate into CPCs despite the mesoderm lineage. In addition, in Mst−/− ES cells, the expression of the pluripotency marker Nanog was upregulated and that of the non-canonical Wnt pathway ligands Wnt2, Wnt2b, and Wnt5a that enhance the differentiation of embryonic stem cells into cardiomyocytes was downregulated. Therefore, Mst1/Mst2 is necessary for embryonic stem cells to differentiate into progenitor cells and cardiomyocytes.
4.1.6 VGLL4
Lin et al. (Lin et al., 2016) found that VGLL4 was an important regulator of postpartum cardiac growth and maturation. They found that the VGLL4 levels in mouse hearts increased with age. In newborn hearts, VGLL4 cannot interact with TEAD because acetylation by acetyltransferase p300 and the YAP-TEAD interaction increases, promoting the proliferation of early myocardial cells. In the adult heart, VALL4 binds to and degrades TEAD, thereby inhibiting the proliferation of myocardial cells and promoting cell necrosis, possibly affecting postnatal cardiac maturation.
4.2 ncRNA/hippo pathway in cardiac development
In recent years, ncRNAs have been identified as key factors in regulating gene expression and have received widespread attention in the field of cardiac cell regeneration. Particularly, in a large-scale screening study of the mechanism by which miRNAs promote the proliferation and regeneration of cardiac myocytes, researchers found that most miRNAs promote the proliferation of cardiac myocytes through inhibition of the Hippo pathway and nuclear translocation and activation of YAP, which are crucial for cardiomyocyte proliferation and cardiac development (Diez-Cuñado et al., 2018; Braga et al., 2021) (Table 2).
TABLE 2 | ncRNAs/Hippo pathway in cardiac development.
[image: Table 2]4.2.1 miR-520d-3p/miR-590-3p/miR-17
In a large-scale analysis of miRNAs, researchers screened 67 miRNAs that potentially act on the Hippo pathway, activate YAP nuclear translocation, and maintain DNA synthesis and cell division in immature cardiomyocytes, thereby promoting iPSC-derived cardiomyocyte proliferation. In their prediction model, each miRNA acted on multiple Hippo pathway targets. For example, the predicted targets of miR-520d-3p are LATS2 and TEAD1, those of miR-590-3p are YAP and TEAD, and the predicted targets of miR-17 family members can inhibit the MST2, SAV1, LATS2, MOB1A, TEAD1, and TEAD3 Hippo pathway molecules (Diez-Cuñado et al., 2018).
4.2.2 miR-302-367
Tian et al. (Tian et al., 2015) showed that miR-302-367 clusters are important for the regulation of embryo cardiac development because cardiac cells show abnormal phenotypes, such as ventricular wall thinning, abnormal ventricular septal development, and reduced cardiomyocyte proliferation, after the knockout of these proliferative miRNAs. In the model overexpression of miR302-367, cardiac ejection function was limited, cardiac function was poor, cardiomyocyte proliferation increased, accompanied by a significant increase in the percentage of mononuclear and dual-core myocytes, and the volume of these cells was significantly reduced, indicating that overexpression of miR302-367 promotes cardiomyocyte proliferation but affects cardiomyocyte and cardiac maturation. Additionally, miR302-367 was only expressed in embryonic mice and directly targeted the mRNA of LATS2, Mob1b, and MST1 to inhibit hippo pathway (Tian et al., 2015).
4.2.3 miR-199a-3p/miR-1825/miR-302d/miR-373
miR-199a-3p, miR-1825, miR-302d, and miR-373 directly target Cofilin2, which inhibits the depolymerization of filamentous actin, resulting in YAP nuclear translocation accompanied by activation of the expression of YAP target genes CTGF and CyR6, illustrating the critical role of the correct formation of the cytoskeleton in mediating mechanical signals to activate the YAP pathway (Torrini et al., 2019). In the same study, miR-199a-3p was found to promote cardiomyocyte proliferation by directly targeting the mRNA of the upstream activator TAOK1 of the Hippo pathway and E3 ubiquitin ligase (β-TrCP), which mediates the degradation of YAP via ubiquitination, thus inhibiting the Hippo pathway and promoting YAP nuclear translocation (Torrini et al., 2019). However, the above experiments were based on rat cells owing to the poorly conserved functions of miRNAs among different species (Diez-Cuñado et al., 2018).
4.2.4 miR-302d/miR-10b
Xu et al. studied miRNA Hippo pathway targets in human pluripotent stem cell-derived CMs (hPSC-CMs) and hESC-CMs and found that miR-302d and miR-10b promote cardiomyocyte proliferation and have no significant effect on CM maturation, by directly targeting LATS2 and LATS1 in the Hippo pathway, respectively. Simultaneously, the inhibition of LATS2 was accompanied by enhanced YAP nuclear activity and significant upregulation of its target genes, amphiregulin (AREG), CTGF, and C-X-C motif chemokine ligand 5(CXCL5). As the proliferation of hPSC-CMs and hESC-CMs is similar to that of cardiomyocytes during mammalian embryonic development, this largely simulates the regulation of the Hippo pathway by ncRNA in cardiomyocytes during mammalian heart development. Moreover, miR-302d and miR-10b are enriched early in hPSC-CMs and hESC-CMs, and their expression levels decrease with embryonic development, which is consistent with that in the development and maturation of the heart (Xu et al., 2019; Xie et al., 2020).
4.2.5 miR-540-3p/lncRNA-cmarr
As previously mentioned, in cardiomyocytes, the DGC binds to YAP and blocks its transfer from the cytoplasm to the nucleus, thereby promoting the maturation transition of cardiomyocytes. Therefore, the interaction between the Hippo pathway and DGC controls the transition of cardiomyocytes from proliferation to maturation. However, miR-540-3p directly inhibits the expression of Dtna (a key component of the DGC), blocks the DGC-YAP interaction, and increases the percentage of nuclear YAP, leading to the expression of YAP downstream target genes, thereby promoting the proliferation of cardiomyocytes and inhibiting their maturation (Wu et al., 2022).
Cmarr, which is upregulated in cardiomyocytes during heart development, promotes structural and physiological maturation of mouse embryonic stem cell CMs (mESC CMs). As cardiac maturity increases, Cmarr expression is further upregulated and improves the electrophysiological properties, calcium-handling capacity, and mitochondrial content of cardiomyocytes, thereby increasing cardiac contractile function in mature hearts. Further research revealed that Cmarr, as a competitive endogenous RNA, blocks the inhibition of dystrobrevin alpha (Dtna) expression by miR-540-3p and promotes the interaction between the DGC and YAP, thereby reducing the proportion of nuclear YAP and the expression of YAP target genes and promoting the transition from proliferation to maturation of cardiomyocytes. Therefore, the Cmarr/miR-540-3p axis promotes cardiomyocyte maturation transition by coordinating the expression of Dtna (Wu et al., 2022).
4.2.6 lncRNA Platr4
A recent study found that Platr4, a lncRNA specifically expressed in embryonic stem cells and early developing embryos, specifically combines with YAP and TEAD4 in the form of a molecular scaffold or chaperone to increase the interaction of YAP-TEAD4, further promoting the expression of connective tissue growth factor (Ctgf), also known as cellular communication network 2 (Ccn2), a candidate extracellular matrix (ECM) protein downstream of YAP-TEAD, which is required for fetal cardiogenic mesoderm differentiation. They also found that the loss of Platr4 caused increased ventricular wall thickness, limited cardiac contractile function, and decreased cardiomyocyte contractile function, which is related to reduced expression levels of cardiac troponin T (cTnT) and myosin heavy chain 7b (myh7b) (Hazra et al., 2022).
4.2.7 lncRNA BANCR
The lncRNA BANCR, which exists only in primate fetal cardiac myocytes, was found to be specifically bound by TEAD4 and plays a role in regulating the migration of cardiac myocytes as a downstream target of YAP/TEAD. YAP knockout resulted in a significant decrease in BANCR expression in hESC-CMs. At the same time, this study found that all four exons in BANCR have the biological function of promoting radial cell migration. By constructing a BANCR-knockout mouse model, researchers found that the heart size of mice increased but was not accompanied by an increase in cardiomyocyte proliferation; this phenomenon requires further research (Wilson et al., 2020).
4.2.8 LncRNA DACH1
The lncRNA DACH1 was found to be significantly upregulated during postpartum cardiac development. In specific LncDACH1 transgenic (TG) mice, myocardial cell proliferation and mitosis were inhibited by promoting the phosphorylation and cytoplasmic retention of YAP. The decrease in YAP activity was accompanied by a decrease in the expression of the YAP target gene, Ctgf, which binds to protein phosphatase 1 catalytic subunit alpha (PP1A). Thus, LncDACH1 is associated with the loss of postnatal myocardial cell regeneration ability (Cai et al., 2020).
5 NON-CODING RNA/HIPPO PATHWAY IN CARDIAC DISEASES
5.1 Heart valve development
The valves of the vertebrate heart include the atrioventricular (AV) valves (the mitral and tricuspid valves) and semilunar SL valves (the aortic and pulmonary valves). In recent years, a large number of studies have proved that the BMP/TGFβ, Wnt/β-catenin, Hippo/Yap, Notch, VEGF, NFATc1, Has2/ErbB2, ErbB3/Ras, and NF1/Ras signaling pathways play key regulatory roles in the endothelial-mesenchymal transition (EMT) and the formation of heart valves (Armstrong and Bischoff, 2004; O'Donnell and Yutzey, 2020). However, there is currently limited research on the role of the Hippo pathway in heart valve formation.
5.1.1 Let-7/miR-16/miR-21/miR-23a/miR-29/miR-107/miR-152
Nuclear YAP/TAZ may stimulate the biogenesis of miR-16, miR-21, miR-23a, miR-29, miR-107, and miR-152 by increasing the activity of DICER and inhibiting the accumulation of miR-let7, which links the Hippo pathway to miRNA biogenesis (Tumaneng et al., 2012; Chaulk et al., 2014). YAP/TAZ senses that low cell density, its nuclear translocation increases, which increases the level of LIN28 through post-transcriptional regulation. LIN28 regulates the production of miR-let-7 by recognizing the Let-7 pre-miRNA hairpin, thereby inhibiting the accumulation of let-7, promoting the activity of DICER, stimulating the processing of miRNA, increasing the production of miRNA, and thus may be involved in the regulation of genes related to valve development (Chaulk et al., 2014).
5.1.2 miR-98/miR-29/miR-30
Loss of DICER may cause mitral valve malformations during embryonic development, leading to congenital mitral regurgitation and stenosis. Yan et al. (Yan et al., 2022) found that DICER activity is only essential for mitral valve development; accordingly, miRNAs also differentially mediate gene regulation in the two AV valves. DICER is required for the expression of the ECM genes Col1a1, Col3a1, Flna, and Tnxb, which encode many ECM components. Col1a1 and Col3a1 are directly regulated by miR-98 and miR-29, whereas tenascin XB (Tnxb) is regulated by miR-30 in mitral valve endocardium-derived mesenchymal cells. Inactivation of DICER leads to the downregulated expression of the above miRNAs, resulting in an increase in the corresponding ECM genes, which leads to hyperplastic and abnormally shaped leaflets of the mitral valves by inducing cell condensation (Yan et al., 2022). The above findings suggest that the Hippo pathway participates in the synthesis of miRNAs by affecting DICER activity and plays a crucial role in the correct formation of embryonic heart valves. However, this requires further investigation.
5.1.3 lncRNA Platr4
A recent study showed that the lncRNA Platr4, which can bind to YAP and TEAD, is specifically expressed in early embryonic development and mature heart valves and its knock down in mice results in valvular defects with fibro osseous metaplasia, fibrocartilaginous metaplasia, and valve mucus degeneration, accompanied by a decrease in the ECM-related protein CTGF, indicating that Platr4 may play a role in the formation of the structure and components of the valve ECM and the development and stable maintenance of mature valves, but there is currently no relevant research on Platr4 in the development of embryonic valves (Hazra et al., 2022).
Even though there is no direct evidence to prove that ncRNA plays a role in the regulation of valve formation via the Hippo pathway, the above findings suggest that ncRNA plays a role in this process, but further research is needed.
5.2 Cardiomyopathy
During the occurrence and development of cardiomyopathy, some ncRNAs regulate the progression of the disease by regulating the Hippo pathway. The current findings are primarily concentrated on the regulation of cardiac hypertrophy, fibrosis, and apoptosis.
5.2.1 miR-21-5p/miR-135b
In an analysis of differentially expressed miRNAs from 24 histologically confirmed arrhythmogenic cardiomyopathy (ACM) hearts, researchers identified 21 miRNAs that were differentially expressed compared to those in the control group, including miR-21-5p and miR-135b, which are known to regulate the Hippo signaling pathway in cancer cells. Their increased expression was accompanied by an increase in the expression of the target genes bone morphogenetic protein receptor type 2(BMPR2) and transforming growth factor beta receptor 2(TGFBR2), which are related to adipogenesis and extracellular matrix generation. Therefore, they may also play a role in Hippo signaling in fat generation in ACM; however, further relevant experimental evidence is needed to prove this (Zhang et al., 2016).
5.2.2 miR-550a-3-5p/miR-27b-3p/miR-195-5p/miR-9-3p/miR-103a-3/miR-429
Piquer-Gil et al. (Piquer-Gil et al., 2022) identified several molecules that may play a role in ACM by analyzing ncRNAs that act on Hippo pathway molecules in tumors that require further basic experiments for confirmation. Among them, some ncRNAs can participate in the pathogenesis of tumors by regulating gene expression via the Hippo pathway; for example, miR-550a-3-5p, miR-27b-3p, miR-195-5p, and miR-9-3p may be involved in the occurrence of ACM by directly inhibiting the activity of YAP, while miR-103a-3p and miR-429 can reduce the phosphorylation of YAP by inhibiting the phosphorylation of LATS2 and enhancing the nuclear activity of YAP.
5.2.3 LncRNA UCA1/miR-18a, lncRNA FLVCR1-AS1/miR-513, and lncRNA RP11-323N12.5
Piquer-Gil et al. (Piquer-Gil et al., 2022) also reported that axes such as lncRNA UCA1/miR-18a/YAP and lncRNA FLVCR1-AS1/miR-513/YAP promote YAP activity through miRNA inhibition. In addition, there may be a bidirectional relationship between YAP/TAZ and ncRNA. For example, YAP and lncRNA RP11-323N12.5 can bidirectionally regulate the activities of both genes, thereby promoting the expression of genes regulated by YAP. However, the role of these targets in heart disease need to be further investigated (Piquer-Gil et al., 2022).
5.2.4 miR-206
miR-206 expression is downregulated by MST1 and upregulated by YAP, and its expression increases mRNA expression of the hypertrophic marker gene 24ND, and targets and degrades tumor suppressor forkhead box protein P1 (FoxP1) to mediate cardiomyocyte hypertrophy and survival induced by YAP. However, this was considered as physiological hypertrophy that can play a role in protecting myocardial damage from higher pressure loads and I/R damage; however, it is unknown whether miR-206 plays a role in hypertrophic cardiomyopathy (Yang et al., 2015).
5.2.5 LncRNA MALAT1
Liu et al. constructed a mouse model of diabetic cardiomyopathy using si-MALAT1 and found that silencing MALAT1 can reduce the phosphorylation of MST1 and LATS1 in high-glucose-induced cardiac fibroblasts and promote YAP nuclear translocation, thereby reducing the accumulation of inflammation-related factors TNF-α, IL-1β and collagen (type I and type III) under a high-glucose environment, thereby reducing the inflammatory response and myocardial fibrosis. The lncRNA MALAT1 is upregulated in a high-glucose environment and regulates YAP nuclear translocation by binding to CREB to promote myocardial fibrosis by promoting cardiac fibroblast proliferation and collagen expression, thus aggravating interstitial fibrosis and myocardial damage in diabetic cardiomyopathy (Liu et al., 2020).
5.2.6 Circ-CDR1as
In addition, the expression of circular RNA cerebellar degeneration-related protein 1 antisense (Circ-CDR1as) is also upregulated in diabetic cardiomyopathy, which activates the Hippo pathway involved in the function of Alk B homolog 5 (ALKBH5), an m6A demethylation enzyme, and FOXO3 by significantly inhibiting mammalian sterile 20-like kinase 1 (MST1) ubiquitination degradation, thereby mediating cardiomyocyte apoptosis. Further research has shown that defects in Circ-CDR1as can reduce the rate of cardiomyocyte apoptosis, and the cardiac function of DCM mice was significantly improved in a Circ-CDR1as knockout mouse model (Shao et al., 2022).
5.3 Heart failure
Currently, there are few studies on the involvement of ncRNA in heart failure (HF) via the regulation of the Hippo pathway. A KEGG pathway annotation study showed that several miRNAs differentially expressed between cardiac hypertrophy rats and healthy rats, such as let-7e-5p, miR-328a-3p, miR-21-5p, miR-222-3p, miR31a-5p, miR-423-5p, miR-144-3p, miR-451-5p, miR-3068-5p, miR-142-3p, miR-26b-5p, and miR-133b-3p, are likely concentrated in the Hippo pathway (Gan et al., 2020). Among them, the expression of miR-133b was found to be downregulated in a MHCα-CN mouse heart failure model [85], while the expression of let-7e-5p, miR-21-5p, and miR-451 was upregulated in heart failure patients [86]. However, whether these ncRNAs specifically function via the Hippo pathway remains unknown. Furthermore, although YAP/TAZ can promote the expression of fibrosis-promoting genes, such as CTGF and PDGF, there are currently no studies on the regulation of TAZ by ncRNAs in heart failure to promote myocardial fibrosis (Ghafouri-Fard et al., 2021).
5.3.1 circRNAYap
The level of the YAP cyclic RNA isomer circRNAYap, produced by partial reverse splicing of the YAP gene exon, is decreased in stress overload mouse models. Further studies have found that increased expression of circRNAYap can be mediated by association with tropomyosin 4, and γ- Actin binding reduces actin aggregation to alleviate myocardial fibrosis, thereby improving cardiac function (Wu et al., 2021).
5.3.2 LncExACT1
The expression of long non-coding exercise-associated cardiac transcript1 (LncExACT1), a long chain ncRNA closely related to exercise, is upregulated in heart failure, and downregulated in exercised hearts. Inhibition of LncExACT1 in the exercising heart can increase physiological hypertrophy and cardiomyocyte proliferation and can also prevent myocardial fibrosis and dysfunction, which can protect the heart from adverse remodeling caused by TAC, thereby delaying and preventing heart failure. In contrast, overexpression of lncExACT1 can cause cardiac hypertrophy and fibroblast proliferation and participates in the occurrence and development of heart failure. Further studies have shown that lncExACT1 regulates Hippo/YAP1 signaling through DCHS2. lncExACT1-DCHS2 increases the content of p-YAP, inhibits the nuclear and transcriptional activity of YAP1, inhibits the role of YAP1 in exercise-induced cardiac growth and myocardial production, and plays a role in promoting pathological myocardial hypertrophy and fibrosis, thereby promoting the development of cardiac dysfunction (Li et al., 2022a).
5.4 Coronary heart disease
The formation of foam cells is a hallmark of atherosclerosis. A study found 84 differentially expressed miRNAs implicated in the mechanism by which macrophages engulf and clear excess ox-LDL accumulated in the neointima to form foam cells. KEGG pathway analysis showed that some of these miRNAs converged with the Hippo pathway, which may be involved in the transport and metabolism of ox-LDL, formation of foam cells, and the apoptosis and inflammatory responses of macrophages (Li et al., 2018).
5.4.1 MiR-200c-3p
A study by Mao et al. showed that miR-200c-3p was highly expressed in an atherosclerosis (AS) mouse model established by feeding ApoE−\/- mice with a high-fat diet, and promoted the process of ox-LDL induced EMT in human umbilical vein endothelial cells (HUVECs) by suppressing the SMAD7/YAP pathway, thereby promoting the transformation of ox-LDL-treated HUVECs from a cobblestone-like epithelial phenotype to a spindle-like mesenchymal phenotype, which may be involved in atherosclerosis (Mao and Jiang, 2021).
5.4.2 MiR-496
Notably, other studies have shown that ox-LDL stimulation upregulates the expression of miR-496, inhibits the expression of YAP protein, and reduces the nuclear translocation of YAP, leading to the loss of downstream gene expression, increased endothelial cell apoptosis, reduced vascular endothelial cell proliferation and migration, and vascular endothelial cell dysfunction (Hu et al., 2019).
5.5 Myocardial infarct
Some ncRNAs can promote the regeneration of myocardial cells by regulating YAP, providing a promising therapeutic strategy for the recovery of cardiac function after myocardial infarction.
5.5.1 MiR-93
Through in vivo and in vitro experiments, Ma et al. found that miRNA-93 significantly reduced LATS2 expression and YAP phosphorylation in the myocardium after myocardial infarction by targeting LATS2, which inactivated the Hippo/YAP pathway, increased YAP nuclear activity and transcriptional activity, inhibited myocardial fibrosis, and promoted cardiomyocyte viability, thereby improving cardiac function preservation after myocardial infarction. In addition, upregulated expression of miR-93 can increase endothelial cell viability and migration by inhibiting the Hippo pathway, promoting angiogenesis in the ischemic heart, inhibiting myocardial cell apoptosis, reducing infarct size, and exerting a protective effect on myocardial infarction, thereby leading to the improvement of post-MI cardiac function. In contrast, overexpression of miR-93 reduced the expression of matrix metalloproteinases (MMPs) involved in collagen deposition by inhibiting the phosphorylation of LATS2, reducing collagen deposition, inhibiting fibrosis, and alleviating remodeling. The upregulation of miR-93 expression can also reduce the expression levels of the pro-apoptotic proteins cleaved caspase-3 and Bax and increase the expression levels of the anti-apoptotic protein Bcl2 by inhibiting the Hippo pathway, thereby protecting endothelial cells from hypoxia/reoxygenation damage and subsequent apoptosis. In summary, miR-93 directly inhibits the Hippo pathway activity by targeting LATS2, thereby improving cardiac function after myocardial infarction (Ma et al., 2020).
5.5.2 miR302-367
Overexpression of miR302-367 can promote cardiomyocyte proliferation and improve the prognosis of myocardial infarction by inhibiting Mst1 and Mob1b activity in the Hippo pathway. In mouse models overexpressing miR302-367, they found that the expression of phosphorylated YAP was reduced; however, the expression of nuclear YAP was enhanced, and the cell cycle of postnatal cardiomyocytes was reactivated. Experimental results showed that overexpression of miR302-367 also increased the number of cardiomyocytes undergoing mitosis (PH3+) and cytokinesis (Aurora B kinase+). In contrast, inhibition of the Hippo pathway was accompanied by a decrease in the expression of genes related to programmed cell death in cardiomyocytes. Simultaneously, an increase in cardiomyocytes leads to reduced fibrosis and scarring after myocardial infarction. Therefore, increased miR302-367 levels can improve the prognosis of myocardial infarction by promoting cardiomyocyte proliferation (Tian et al., 2015).
However, overexpression of miR302-367 is not advantageous. Sustained overexpression of miR302-367 can lead to the dedifferentiation and dysfunction of cardiomyocytes. Moreover, studies have shown that sustained overexpression of miR302-367 for 3 weeks after myocardial infarction can lead to ventricular dilation and reduced ejection fraction, accompanied by continued upregulation of the cell proliferation marker Cks2, as well as continued downregulation of the ratio of Myh6 (α-myosin heavy chain) to Myh7 (α-myosin light chain), which correlates with sarcomere division and continued dedifferentiation of cells. Tian et al. designed a simulated substance that can be instantaneously expressed in the myocardium to perform cardiac repair and improve cardiac function within a certain range and degree. Therefore, this may be a promising treatment method but requires further research (Tian et al., 2015).
5.5.3 miR-411
Overexpression of miR-411 has also been found to inhibit the phosphorylation of YAP and increase its nuclear activity by inhibiting the phosphorylation of LATS1 in the Hippo pathway, increasing the proliferation and survival of cardiomyocytes, and improving cardiac phenotypes after myocardial infarction in mice. Studies have found that the expression level of miR-411 in NRCMs is higher than that in neonatal rat cardiac fibroblasts (NRCFs), and the expression levels of YAP target genes (such as baculoviral IAP repeat containing 5(Birc5), fibroblast growth factor 2(Fgf2), and TEAD1) were increased in cardiomyocytes transfected with miR-411, which also exhibited higher levels of the cell cycle markers Ki-67 and phosphohistone H3 (pHH3) and EdU incorporation, indicating that increased mitosis and DNA synthesis can induce adult cardiomyocytes to re-enter the cell cycle and improve viability (Nugroho et al., 2022).
5.5.4 lncRNA-cmarr
lncRNA-cmarr, which is highly expressed in the heart and may be related to heart maturation, has been shown to act as a competitive ncRNA to block the inhibition of miRNA-540-3p on Dtna expression, promote binding of the dystrophin glycoprotein complex (DGC) and YAP, and reduce the proportion of nuclear YAP and the expression of YAP target genes. At the same time, in the hearts of myocardial infarction mice overexpressing Cmarr, Cmarr was found to promote the maturation of cardiomyocytes derived from embryonic stem cells, reduce infarct size, and increase the ejection fraction by enhancing blood vessel density in the host heart, thus improving cardiac function after myocardial infarction (Wu et al., 2022).
5.6 Arrhythmias
Similarly, KEGG pathway analysis revealed that a series of differentially expressed miRNAs concentrated in the Hippo pathway may be helpful in protecting against ventricular arrhythmias caused by pressure overload. However, further research is needed (Xu et al., 2018).
5.7 Cardio-oncology
5.7.1 let-7i
A study on extracellular vesicles found that let-7i alleviated DOX-induced cardiotoxicity, prevented heart damage, and exerted a cardioprotective effect by inhibiting YAP activity. Extracellular vesicles derived from trophoblastic stem cells (TSCs) could transfer miRlet-7i to myocardial cells, inhibit the inflammatory response, and reduce myocardial cell apoptosis and fibrosis by downregulating YAP1 activity, accompanied by a decrease in the expression levels of the YAP target genes ctgf and TEAD. Thus, DOX-induced myocardial remodeling and heart failure can ultimately be reversed, thereby improving dilated cardiomyopathy and cardiac dysfunction caused by doxorubicin treatment (Ni et al., 2020).
5.7.2 miR-125b
miR-125b is upregulated in cells treated with doxorubicin and may serve as a potential biomarker of DOX-induced cardiotoxicity. The upregulated expression of miR125b was accompanied by a decrease in the levels of DOX-induced oxidative stress markers (catalase (CAT), superoxide dismutase (SOD), glutathione (GSH), and glutathione peroxidase (GSH-Px)) and an increase in malondialdehyde (MDA), indicating that miR125b may mediate DOX-induced cardiotoxicity produced by DOX through oxidative stress. Furthermore, miR-125b has also been shown to target StAR related lipid transfer domain containing 13(STARD13), inhibit YAP phosphorylation and nucleocytoplasmic translocation, enhance YAP transcriptional activity, and promote doxorubicin-induced cardiotoxicity by promoting cardiomyocyte apoptosis and reducing cell viability. Similarly, miR-125b inhibition is accompanied by a reduction in ROS levels and cardiomyocyte apoptosis, increases cardiomyocyte activity, and exerts a cardioprotective effect. However, the underlying mechanisms require further research (Jin et al., 2022).
5.7.3 miR-4732-3p
Sánchez-Sánchez et al. studied the downregulated expression of miR-4732-3p and its possible effect on the Hippo pathway by analyzing differentially expressed miRNAs and their predicted targets in cardiotoxicity induced by doxorubicin. Upregulated expression of miR-4732-3p can protect cells from oxidative stress, prevent cell apoptosis, significantly increase angiogenesis, and inhibit myocardial fibrosis. Therefore, they hypothesized that miR-4732-3p might promote the nuclear translocation of YAP by inhibiting its phosphorylation, thereby improving cardiac dysfunction caused by doxorubicin toxicity; however, further systematic research is required (Sánchez-Sánchez et al., 2022) (Table 3).
TABLE 3 | Main studies in the cardiology field regarding the Hippo signaling pathway and ncRNAs.
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In the field of cardiovascular disease, current research has identified some drugs and compounds that act on the Hippo pathway and can be used for myocardial cell proliferation and regeneration, and prevention and treatment of atherosclerosis, myocardial ischemia-reperfusion injury, and heart failure. Statins, which have been widely used in clinical practice, inhibit inflammation and proliferation of endothelial cells by inactivating YAP/TAZ, thus playing an anti-atherosclerotic role (Wang et al., 2016). Curaxin CBL0137, a structural analog of 9-aminoacridine, is another small-molecule YAP inhibitor that plays the same role and is expected to become a new drug for the treatment of atherosclerosis (Ding et al., 2023). Melatonin has been found to upregulate YAP activity, promote optic atrophy 1(OPA1) related mitochondrial fusion, alleviate mitochondrial damage and myocardial cell apoptosis during ischemia-reperfusion injury, and demonstrates potential therapeutic effects (Ma and Dong, 2019).
In a study of related molecular compounds, researchers found that TT-10 increased the proliferation of myocardial cells and improved cardiac function after myocardial infarction in animals, by activating YAP nuclear activity and increasing YAP-TEAD activity (Hara et al., 2018). TRUL1 is an ATP-competitive inhibitor of LATS kinase that directly inhibits the activity of LATS, activates YAP, thereby promoting myocardial cell proliferation (Kastan et al., 2021). Another inhibitor of the Hippo pathway, XMU-MP-1, directly inhibits the kinase activity of MST1/2, enhances YAP activity, and inhibits myocardial cell apoptosis, hypertrophy, and adverse cardiac remodeling under cardiac pressure overload, thereby preventing or delaying the occurrence of heart failure (Triastuti et al., 2019).
The Hippo pathway has been widely studied as a target for tumor treatment. At present, it is known that the anticancer effects of gallic acid, icotinib hydrochloride, curcumin, ginsenoside Rg3, cryptotanshinone, nitidine chloride, cucurbitacin E, erlotinib, doxorubicin, sophoridine, cisplatin, and verteporfin are mediated by regulation of the Hippo pathway (Ghafouri-Fard et al., 2023). However, these drugs promote tumor cell apoptosis by damaging mitochondrial function, inhibiting cell viability, and causing cardiotoxicity (She et al., 2023). Additionally, due to the fact that the kinase in the Hippo pathway is a tumor suppressor factor, the upregulation of YAP activity can induce the occurrence of tumors in the body. In contrast, inhibiting the Hippo pathway and promoting YAP nuclear activity may induce regeneration of infarcted myocardial cells. Therefore, when targeting the Hippo pathway to treat heart disease, it is necessary to consider specific targeting of the heart, which involves drug carriers, administration methods, and specific durations of action.
In recent years, various carriers, including exosomes, nanomaterials, and polymers, have been used as drug carriers to accurately locate target organs in experimental and clinical research. These carriers can control the action time of drugs in vivo. Combining these carriers with the Hippo pathway and ncRNA may lead to a new method for the treatment of heart diseases. The use of a new catheter technique by Liu et al. to inject viral vectors into specific myocardial regions has been proven to be an effective way to activate the Hippo pathway and YAP without the occurrence of tumors in the liver and lung regions. This may serve as a novel targeted mechanism for recovery of cardiac function after myocardial infarction (Liu et al., 2021). Similarly, another research team constructed mesoporous silica nanoparticles (MSN) carrying CD11b antibodies targeting inflammatory cells as carriers of myocardial infarction. NGR1 can be specifically delivered to the heart at the infarct site through intravenous injection in a non-invasive manner, thereby promoting YAP nuclear translocation, inhibiting myocardial cell apoptosis, and controlling the inflammatory response. Meanwhile, as carriers for drug delivery, the structural advantages of MSN not only allow the effective loading and release of drugs, but also prevent cytotoxicity, demonstrating great advantages in terms of bioavailability and excretion (Li et al., 2022b). These findings provide new insights for the future development of drugs targeting the Hippo pathway components and their mechanisms of action.
The role of the Hippo pathway in regulating cardiovascular development and disease occurrence and prevention has received widespread attention. ncRNA, with its operability, detectability, specific targeting, and physiological mechanisms, can be used as a new drug to target the Hippo pathway, providing a new idea for the treatment of cardiovascular disease. However, there is still a long way to go before ncRNA can be used in clinical applications, such as the improvement of carriers, reduction of immune recognition, and missed target effects. Therefore, further studies are needed to increase the number of optimal strategies.
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Cabel, Dapk| increased, leading to drastic overgrowth of the etal. (2011)
myocardium and expansion of myocardial
trabeculae
YAP Mouse/cardiomyocytes YAP[—IGF]— GSK-3p]— B- Increase the number of cardiomyocytes and heart | Xin etal. (2011), Lin et al.
catenin—Kene3, Ndrl, and Ter3 T size and promote cardiomyocyte proliferation (2015)
YAPT—Pik3ch]—PI3K-AKT signaling]
YAP hESC-CMs Nuclear YAP]—EGFR] Promote cardiomyocyte proliferation Park etal. (2018)
YAP Mouse/cardiomyocytes PGCI/PPART—YAPT Promote cardiomyocyte hypertrophy and Murphy et al. (2021)
maturation
YAP Zebrafish/Endoderm Cells SIP-Sipr2—p-lats1/2| —nuclear YAP- | Ensure the formation of the endoderm and cardiac | Fukui et al. (2014)
TEADT —Ctgfal tubes
YAP Mouse/cardiomyocytes P-YAP-DAGI{—nuclear YAP| Inhibit cardiomyocyte proliferation and regulate | Morikawa et al. (2017)
cardiac maturation
YAP Mouse neonatal heart/ a-catenin, Fatd—YAP cytoplasmic Inhibit postnatal cardiomyocyte proliferation Ragni et al. (2017), Vite
cardiomyocytes localizationT etal. (2018)
YAP Mouse heart/cardiomyocytes | cell cycle: Cene2 and Cdk6 Promote cardiomyocytes to sense external Morikawa et al. (2015)
mechanical forces; transmit external signals into
Cell division: Aurkb, Birc5, Spinl, and | cells; and promote cell division, proliferation, and
Aspm migration
Cytoskeleton formation and migration:
Enah, Fgdd, and Mitss1
‘The cytoskeleton connects the
extracellular matrix: Ctnna3, Sged, and
Tin2
TAZ Zebrafish/cardiomyocytes TAZ|—tp1-Notch | Inhibit the proliferation and skeleton maturation of | Lai et al. (2018)
cardiomyocytes and inhibit the formation of
TAZ|—myh10], mybphb trabeculae
YAP Mousefepicardial cells YAP + TAZ|—~Tbx18, Wil | Affect epicardial EMT and differentiation into Singh et al. (2016)
+TAZ coronary endothelial cells and abnormal coronary
artery development
YAP Mouse/endocardial cells YAP + TAZ]—VE-cadherin Promote endocardial cell proliferation Artap et al. (2018),
+TAZ Bornhorst et al. (2019)
YAP Mousefendocardial cells YAP + TAZ|—Nrgl-ErbB| Cause damage to endocardial cell EMT, myocardial | Artap et al. (2018),
+TAZ wall thinning, and early postpartum death Bornhorst et al. (2019)
YAP/TAZ | zebrafish/cells within the Yap/TAZ|—Bmp2b, hand2 | Limit the number of CPCs in the SHF at the venous | Francou et al. (2017),
anterior lateral plate mesoderm pole, limiting the size of the atria Fukui et al. (2018)
(ALPM)
LATS1/2 | Mouse/embryonic cells P-LATS1/2 T—p-Paptor 5606 T— Limit embryonic heart size Gan et al. (2020a)
mTORC1|
LATS1/2 | Mousefembryonic LATS1/2| —nuclear YAPT—YAP- Cause defects in the differentiation of subepicardial | Xiao et al. (2018)
cardiomyocytes TEADT—Dpp4, Dhrs3| €20 cells into fibroblasts and defects in coronary
vascular development
LATS2 Mouse/cardiomyocytes Pp-MSTI T—p-LATS2 1—Bcl-xLl; Promote cell apoptosis, inhibit protein synthesis, | Matsui et al. (2008)
LATS21—p-Akt], p-70S6K], p-eEF2] | and limit the size of cardiomyocytes and ventricular
cavities
TEAD Rat/cardiomyocytes TEADT—SRE, MEF2[ Regulate cardiomyocyte gene expression Chen et al. (1994), Gupta
etal. (2001), Maeda et al.
(2002)
Mstl/2 Mousefembryonic stem Mstl/2|—p-YAP], nuclear YAPT—Ctgf, | Embryos proliferate faster; however, differentiation | Li et al. (2013)
cells (ES) Cyro17 into cardiac progenitors and cardiomyocytes is
blocked
Mst1/2|—Nanog], Wnt2/2b,;Wnt5a|
VGLL4 | Neonatal mouse heart/ VGLLA-TEAD | »YAP-TEAD] Promotes the proliferation of cardiomyocytes in the | Lin et al. (2016)
cardiomyocytes neonatal heart
VGLL4 | Mature mouse heart/ VGLL4-TEAD]—YAP-TEAD] Inhibits cardiomyocyte proliferation, promote Lin et al. (2016)

cardiomyocytes

necrosis, and related to cardiac maturation
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MiR-520d-3p HiPSC-CM (miRSystem | Direct target LATS2 and TEAD1 Promote proliferation Diez-Cufiado
software predict) etal. (2018)
miR-590-3p HiPSC-CM (miRSystem | Direct target YAP and TEAD Promote proliferation Diez-Cufiado
software predict) etal. (2018)
miR-17 HiPSC-CM (miRSystem | Direct target MST2, SAV1, LATS2, Promote proliferation Diez-Cuiado
software predict) MOBIA, TEADI, and etal. (2018)
TEAD3
miR302-367 Mice Direct target LATS2], Mob1bl, and Promote proliferation Tian et al.
MST1| (2015)
miR-199a-3p, miR- | Rat Targets Cofilin2 Nuclear YAPT Promote proliferation Torrini et al.
1825, miR-302d, and (2019)
miR-373
miR-199a-3p Rat Targets TAOKI and b-TrCP | Nuclear YAPT Promote proliferation Torrini et al.
(2019)
MicroRNA-302d hPSC-CMs Direct target LATS2|—nuclear YAP]  Promote proliferation Torrini et al.
(2019)
MircroRNA-10b hESC-CMs Direct target LATSI|—nuclear YAPT  Promote proliferation Xie et al. (2020)
miR-540-3p Mice/ESC CMs Directly target Dtna (key Nuclear YAPT Promote the proliferation of Wa et al. (2022)
component of DGC) and hinder cardiomyocytes and hinder their
the DGC-YAP interaction ‘maturation
IncRNA -Cmarr Mice/ESC CMs Inhibit the effect of miR-540-3p | Nuclear YAP] Promote the transition of Wuetal. (2022)
competitively cardiomyocytes from proliferation

to maturation

Platr4 (IncRNA) Mice ESC Molecular scaffold or chaperone | YAP -TEAD4T Cardiogenic mesodermal lineage | Hazra et al.
differentiation (2022)

BANCR Primate pluripotent TEAD4 binds with BANCR's | Downstream target of Promote cardiomyocyte migration | Wilson et al.
stem-cell-derived enhancer YAP-TEAD4 (2020)
cardiomyocytes

LncDACH1 Mice Binds to PPIA YAP| Inhibit myocardial cell proliferation | Cai et al. (2020)

associated with postpartum cardiac
arrest of proliferation
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