

[image: Advances in epigenetic modifications of autophagic process in pulmonary hypertension]
Advances in epigenetic modifications of autophagic process in pulmonary hypertension





REVIEW

published: 16 June 2023

doi: 10.3389/fimmu.2023.1206406

[image: image2]


Advances in epigenetic modifications of autophagic process in pulmonary hypertension


Min Mao 1,2,3,4,5†, Shasha Song 6†, Xin Li 1,2,3,4,5, Jiayao Lu 6, Jie Li 7,8, Weifang Zhao 9, Hanmin Liu 1,2,3,4,5*, Jingxin Liu 2* and Bin Zeng 2*


1 Department of Pediatric Pulmonology and Immunology, West China Second University Hospital, Sichuan University, Chengdu, China, 2 Key Laboratory of Birth Defects and Related Diseases of Women and Children (Sichuan University), Ministry of Education, Chengdu, China, 3 National Health Commission (NHC) Key Laboratory of Chronobiology (Sichuan University), Chengdu, China, 4 The Joint Laboratory for Lung Development and Related Diseases of West China Second University Hospital, Sichuan University and School of Life Sciences of Fudan University, West China Institute of Women and Children’s Health, West China Second University Hospital, Sichuan University, Chengdu, China, 5 Sichuan Birth Defects Clinical Research Center, West China Second University Hospital, Sichuan University, Chengdu, China, 6 College of Pharmacy, Shenzhen Technology University, Shenzhen, China, 7 Marketing Department, Shenzhen Reyson Biotechnology Co., Ltd, Shenzhen, China, 8 Nanjing Evertop Electronics Ltd., Nanjing, China, 9 Quality Management Department International Registration, North China Pharmaceutical Co., Ltd. (NCPC), Hebei Huamin Pharmaceutical Co., Ltd., Shijiazhuang, China




Edited by: 

Shicheng Guo, University of Wisconsin-Madison, United States

Reviewed by: 

Hai-Jian Sun, National University of Singapore, Singapore

Lin Deng, Southern University of Science and Technology, China

Yu Wang, University of Virginia, United States

Lingjie Sang, University of Texas Southwestern Medical Center, United States

*Correspondence: 

Hanmin Liu
 liuhm@scu.edu.cn 
Jingxin Liu
 liujingxin@sztu.edu.cn 

Bin Zeng
 zengbin@sztu.edu.cn


†These authors have contributed equally to this work



Received: 15 April 2023

Accepted: 30 May 2023

Published: 16 June 2023

Citation:
Mao M, Song S, Li X, Lu J, Li J, Zhao W, Liu H, Liu J and Zeng B (2023) Advances in epigenetic modifications of autophagic process in pulmonary hypertension. Front. Immunol. 14:1206406. doi: 10.3389/fimmu.2023.1206406



Pulmonary hypertension is characterized by pulmonary arterial remodeling that results in increased pulmonary vascular resistance, right ventricular failure, and premature death. It is a threat to public health globally. Autophagy, as a highly conserved self-digestion process, plays crucial roles with autophagy-related (ATG) proteins in various diseases. The components of autophagy in the cytoplasm have been studied for decades and multiple studies have provided evidence of the importance of autophagic dysfunction in pulmonary hypertension. The status of autophagy plays a dynamic suppressive or promotive role in different contexts and stages of pulmonary hypertension development. Although the components of autophagy have been well studied, the molecular basis for the epigenetic regulation of autophagy is less understood and has drawn increasing attention in recent years. Epigenetic mechanisms include histone modifications, chromatin modifications, DNA methylation, RNA alternative splicing, and non-coding RNAs, which control gene activity and the development of an organism. In this review, we summarize the current research progress on epigenetic modifications in the autophagic process, which have the potential to be crucial and powerful therapeutic targets against the autophagic process in pulmonary hypertension development.
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1 Introduction

Autophagy has been implicated in multiple physiological processes that are important for human health and disease (1, 2). It is an adaptive process that occurs in response to different forms of stress, including hypoxia, infection, and nutrition deprivation. The damaged organelles, pathogen, aggregated proteins, or long-lived proteins are collected, delivered to lysosomes, digested by lysosomal hydrolases, and recycled to produce amino acids and fatty acids necessary for ATP production and cellular response (3). Multiple signaling pathways and autophagy-related proteins (ATG proteins) have been implicated in completing the autophagic process. So far, according to the human autophagy database developed by the Laboratory of Experimental Cancer Research headed by Dr. Guy Berchem, more than 200 different autophagic genes directly or indirectly modulating the autophagic process have been discovered. More than 40 genes encoding ATG proteins have been identified in yeast, and most of the genes (ATG1-ATG10, ATG12-ATG14, ATG16-ATG18) are conserved between yeast and mammals, which indicates the autophagic process as an intracellular evolutionarily conserved degradation process (4). The so-called core ATG proteins essential for autophagic process completion undergo different modifications, including epigenetic modifications, acetylation, phosphorylation, and ubiquitylation, which affect the role of autophagy-related proteins in the autophagic process. Numerous signaling pathways serve as upstream regulators of autophagy, including the NF-κB, STAT3, p53, FOXO, Sirt1, and HDAC signaling pathways. These signaling pathways also have significant influences on angiogenesis, endothelial-to-mesenchymal transition, and programed cell death, resulting in vascular remodeling and vascular resistance. Epigenetics refers to the regulation of epigenomic gene expression by epigenetic alterations (DNA methylation, histone modifications, and alternative RNA splicing) that are independent of changes in gene sequences and are heritable. Factors such as DNA methylation, histone modifications, and alternative RNA spliced isoforms are responses to changes in environmental stimuli that interact to regulate gene expression and control cellular phenotypes, all of which are necessary to maintain environmental stability in the body and contribute to normal physiological functioning. The epigenetic modifications of these signaling pathways affect the expression, stability, and function of autophagy-related proteins.

Direct links exist between autophagy and pulmonary hypertension (PH) according to various research. Pulmonary hypertension is a fatal and heterogeneous disease characterized by elevated pulmonary vascular resistance and pulmonary artery pressure, resulting in the remodeling of the pulmonary vasculature (5). PH is divided into five categories according to inherited or unknown causes, heart disease, lung disease, the blockage of blood vessels, or other medical conditions such as some blood disorders (Figure 1) (6). The pathologic process of PH begins with vasoconstriction and remodeling of the small pulmonary arteries, leading to an increase in pulmonary vascular resistance (PVR). This can be caused by a variety of factors including genetic mutations, viral infections, and exposure to toxins such as cigarette smoke. As PVR increases, the right ventricle must work harder to pump blood through the lungs into the left side of the heart, leading to right ventricular hypertrophy and eventually right heart failure (7). The primary cellular mechanism underlying the pathologic progression of PH is abnormal smooth muscle cell and endothelial cell proliferation. As the disease progresses, these cells proliferate excessively and invade the surrounding extracellular matrix, leading to a narrowing of the lumen of the pulmonary artery and increasing the resistance to blood flow. Additionally, there is also a shift towards a pro-inflammatory and thrombotic state, further contributing to disease progression. The histopathological changes in PH include intimal fibrosis, medial hypertrophy, and adventitial remodeling. Intimal fibrosis refers to the thickening of the intima, or innermost layer, of the pulmonary artery due to a buildup of collagen and other extracellular matrix proteins. Medial hypertrophy refers to the thickening of the media, or middle layer, of the pulmonary artery due to an increase in smooth muscle cell mass. Adventitial remodeling involves changes in the outermost layer of the pulmonary artery, including inflammation and fibrosis (8). Autophagy has been discovered to be upregulated in PH patients compared with healthy controls. Administration of an autophagy antagonist prevents the progression of experimental pulmonary hypertension (9). This phenomenon provides a clue about the importance of discovering the underlying key regulatory mechanism of autophagy in PH. As a homeostatic mechanism essential for cell survival, autophagy activation under stress affects various pathological processes of pulmonary hypertension, including disrupted redox balance, blocked apoptosis, inflammation, angiogenesis, vascular calcification, and remodeling (10, 11). Understanding these mechanisms of autophagy will provide novel therapeutic targets for PH. Despite the great advances in the investigation of the autophagic process in PH, the mechanism of autophagy remains elusive. In this review, we focus on epigenetic modification in autophagic process of PH.




Figure 1 | Pulmonary hypertension classification and vascular pathological progression in pulmonary hypertension. As agreed at the 6th World Symposium on Pulmonary Hypertension in 2018, pulmonary hypertension is now classified into five groups (Left) (6). Multiple signaling pathways (HIF-1α, HDACs, AKT/mTOR, et. al) participate in the pathological progression and phenotype in PH (Right). These important pathways also activate autophagy and impact PH progression through the autophagy process.






2 The autophagic process in PH

Autophagy is a conserved adaptive process that has played an important role in human disease. During the development of PH, the cellular autophagy mechanism, which removes useless materials such as aging, damaged, and abnormal cells, plays different roles at different stages of progression. In the early stage of PH, autophagy plays a protective role. Studies have shown that the expression levels of autophagy-related proteins are low in the lung tissues of patients with PH, but an increase in autophagy levels through drug or genetic intervention can alleviate the pathological damage of PH (12). Autophagy can clear harmful molecules such as excess proteins, organelles, and oxidative products that cause cell death, promote cell survival, and function maintenance. In addition, in the early stage of PH, autophagy can also regulate the reactive oxygen species (ROS) level of endothelial cells, inhibit pulmonary vascular contraction, and maintain normal blood flow. In the mid-to-late stages of PH, autophagy plays a dual role. On the one hand, autophagy activation can protect pulmonary artery endothelial cells (PAECs) from apoptosis (13). Endothelial dysfunction and apoptosis are key features of PH, and autophagy activation can maintain endothelial cell survival by clearing damaged organelles and proteins. On the other hand, excessive autophagy activation in the mid-to-late stages of PH can lead to abnormal cellular metabolism and inflammation, which may contribute to the progression of PH (14, 15). Studies have shown that the levels of autophagy-related proteins increase significantly in the lungs of patients with PH, suggesting a potential link between autophagy dysregulation and disease progression. Therefore, it is important to strike a balance between autophagy activation and inhibition to achieve optimal therapeutic effects in PH (Figure 2, left).




Figure 2 | Autophagy activation in pulmonary hypertension (Left) and the specific role of the complexes in the process of autophagy (Right). Autophagy is a process of intracellular waste degradation and reuse in response to different microenvironment stresses. Its activation promotes the survival and proliferation of pulmonary vascular endothelial cells while also regulating different cell types such as alveolar macrophages, smooth muscle cells, and fibroblasts, thereby participating in the occurrence and development of pulmonary hypertension. In addition, autophagy can also promote cellular metabolic balance, reduce oxidative stress, and inflammatory response, and is expected to become a new target for the treatment of pulmonary hypertension.



Autophagy refers to macroautophagy, mitophagy, and chaperone-mediated autophagy (Figure 2, right). The autophagic process involves five core complexes: (i) the ULK kinase complex, consisting of ULK1/2, ATG13, RB1CC1/FIP200, and ATG101; (ii) the ATG9A/ATG2-WIPI1/2 trafficking system; (iii) the class III PI3K complex, which includes VPS34, Beclin 1, p115, and either ATG14 in PI3KC3 complex I or UVRAG in complex II; (iv) WIPI proteins and their interaction partner ATG2; and (v) two ubiquitin-like proteins and their conjugation machinery. Autophagy acts as a double-edged sword in human diseases which can promote cell survival or apoptosis under different stresses (16). These opposite effects could possibly be attributed to the different modifications of ATG-related proteins in a context-dependent manner. In response to different pathological stimulus, autophagy is abnormally activated in PH patients (9). The research surrounding the altered autophagy phenotypes has bloomed since work on autophagy won the Nobel Prize in 2016, making great progress in the understanding of the underlying mechanisms in PH.

The key autophagy-related genes (LC3B-II, Beclin1) and upper signaling molecules (AMPK, mTOR, ·BMP, ROS, NF-κB) have been discovered activated and playing important roles in regulating autophagy in PH. Activated autophagy promotes the proliferation of PASMC (pulmonary arterial smooth muscle cells) and PAEC (pulmonary arterial endothelial cells), inhibits ROS production, and regulates mitochondrial function in PH (11). Autophagy plays a dual role in endothelial cells. On the one hand, it promotes the survival and adaptation of these cells under stress conditions by removing damaged organelles and recycling nutrients to provide energy for the cell. On the other hand, excessive autophagy can result in endothelial dysfunction and apoptosis, leading to impaired vascular homeostasis and contributing to PH progression (13). The underlying mechanism involves modulation of key signaling pathways such as AKT/mTOR, AMPK, and ERK1/2. In smooth muscle cells, autophagy has been shown to regulate the proliferation and migration of these cells (14). Specifically, inhibition of autophagy leads to reduced smooth muscle cell proliferation and increased apoptosis. This effect is mediated through the modulation of RhoA and mTOR pathways. In addition, autophagy also plays a role in the regulation of immune cells during PH development. Autophagy promotes antigen presentation by dendritic cells, enhances T-cell survival, and regulates macrophage polarization towards an anti-inflammatory phenotype (17). Dysregulation of autophagy in immune cells can lead to inflammation, promoting progression of PH. The exact molecular mechanisms behind autophagy-mediated immune cell regulation in PH are still being investigated. Overall, autophagy is a complex process that plays a multifaceted role in PH pathogenesis, affecting multiple cell types and signaling pathways. Increasing our understanding of the specific molecular mechanisms underlying autophagy in PH may enable development of new therapies targeting this process to improve patient outcomes.

Multiple signaling genes are important in human diseases through affecting various downstream pathways. Various modifications play key roles in regulating the expression or functions of the signaling molecules themselves or downstream molecules. These modifications include post-transcriptional, post-translation, and pre-transcriptional modifications. Epigenetics refers to histone modification and chromatin remodeling, which means reversible and hereditary changes in gene expression without alterations in DNA sequences. Post-translational modification of histones, including acetylation, methylation, phosphorylation, SUMOylation, ubiquitination, and ADP-ribosylation, occur mainly in the N-terminal tails and have profound effects on chromatin structure. Epigenetic modification affects autophagosome formation, autophagy-related protein expression, and signaling pathway activation and potentially functions as the PTM switch to regulate autophagy (18). As histone acetylation or methylation modifying enzymes, HDACs, SIRT1, SIRT3, and BRD4 proteins are confirmed with significant alternation in expression levels and play important roles in the proliferation, inflammatory and fibrotic phenotypes of vascular cells (19). Additionally, these signal molecular genes regulating autophagy are also reported to be impacted by epigenetic modifications such as acetylation (Ac) and methylation (Me), which affect the chromatin state, thus altering expression of specific genes (20, 21).




3 Acetylation signaling of autophagy relevant to pulmonary hypertension

Acetylation refers to the process of transferring and adding acetyl groups to protein lysine residues or protein N-terminus under the catalysis of acetyltransferases (or non-enzymes). Histone acetylation affects the pathological progression of PH through repressing ATG genes transcriptionally. Research has shown that the acetylation of autophagy-related proteins plays an important role in the regulation of autophagy in PH. Specifically, increased levels of acetylated proteins such as LC3B and ATG7 have been observed in animal models of PH and in human patients with the disease. These proteins are key components of the autophagy machinery and their acetylation has been shown to impair autophagic function (22). We summarize recent research which has shown that histone-modifying enzymes occupy an important position in regulating autophagic process of PH (Figure 3).




Figure 3 | Acetylation signaling pathway in regulating autophagy activation of pulmonary hypertension. Acetylation modifications can modulate the activity of autophagy, thereby exerting a protective effect against pulmonary hypertension. In addition, various drugs can also be used to treat pulmonary hypertension by modifying acetylation modifications. However, further research is needed on the specific mechanism and effect of acetylation modification in pulmonary hypertension.



Histone lysine acetyltransferases (HATs) and deacetylases (HDACs) gene families are the main regulators of histone acetylation (19). Acetylation of histone tails neutralizes positively charged lysine, which is thought to disrupt the interaction between the tail and negatively charged nucleosome DNA, thereby promoting the opening of chromatin and thus positive transcription. At present, 18 HDACs have been found in humans belonging to four categories (I, II, III, and IV). Among them, 11 subtypes, such as class I, II, and IV, were Zn2+-dependent proteins. Seven subtypes of the class III subgroup, Sirt1~7, use NAD+ as the catalytic active site. Acetylation of lysine at histone tails is highly dynamic and important for the regulation of chromatin structure, transcription, and DNA repair. Acetylation of non-histones, including tumor suppressors and oncogenes (i.e., p53, Rb, and Myc), regulates protein stability, DNA binding, protein interactions, enzyme activity, or protein localization.

HDAC1, HDAC2, and HDAC3 are elevated in PH fibro6blasts (23). Additionally, HDAC1 and HDAC5 have also been reported as being activated in human idiopathic PAH (IPAH) lung homogenates (24). HDACs play crucial roles in the control of pathological hypertrophy, inflammation, fibrosis, restenosis, and left ventricular (LV) cardiac remodeling in various preclinical models of LV failure (25). The prototypical HDAC inhibitor (HDACi), trichostatin A (TSA), attenuates both load- and agonist-induced hypertrophic growth and abolishes the associated activation of autophagy through affecting ATG5 or BECN 1, two essential autophagy effectors (26). HDAC6 is essential for autophagosome-lysosome fusion through binding to polyubiquitinated proteins (27). On the contrary, HDAC7 deactivates autophagy through depressed ERK signaling (28). These pieces of evidence show the importance of HDACs in the pathological progression of PH through autophagy.

The mechanisms underlying the HDAC-related autophagy embrace multiple signaling pathways. In most cases, mTOR inhibition, NF-κB hyperacetylation, ROS accumulation, and the p53 pathway are observed in HDAC-related autophagy signaling (29). Deacetylation of p53 by HDAC enable the accessibility of p53 to its target genes. Additionally, the nuclear export, proteasomal degradation, and co-activator recruitment of p53 are also regulated by HDAC (30). Distinct acetylated residues of p53 are attached by several HATs, increasing the stability and transcriptional activity of p53 binding to sequence-specific target DNA (31). Furthermore, the balance between autophagy and apoptosis is also regulated by p53, providing new insights into the role of p53 in the development of therapeutic drugs of PH.

Multiple inhibitors of HDACs have been developed recently and autophagy activation are frequently observed in the effects of HDAC inhibitor (HDACi) administration. Forkhead box protein O1 (FoxO1) is another important transcript factor in regulating the proliferation and inflammatory signaling of pulmonary artery smooth muscle cells (PASMCs) of PH (32). Inhibiting HDAC with SAHA and TSA activates FoxO1, resulting in mTOR-suppression and ATG-upregulation (33). Acetylation of FoxO1 by SIRT2 prevents its interaction with ATG7, thereby inhibiting autophagy induction (34).

Death-associated protein kinase (DAPK) is a calcium/calmodulin modulated cytoskeleton-associated enzyme, which is closely associated with different MAPKs such as ERK in response to inflammatory apoptotic stimuli (35). Nuclear translocation of DAPK expression is also involved in HDACi-related autophagy activation (36). Additionally, dephosphorylation of DAPK1 at serine 308 by HDAC inhibitor LBH589 promotes autophagy in HCT116 colon cancer cells (37). Studies have shown that DAPK can regulate vascular smooth muscle cell proliferation and migration, promoting vascular inflammation and the development of hypertension diseases (38). Furthermore, vascular calcification is also alleviated by DAPK deficiency (39), which provides a clue regarding the importance of DAPK in PH progression and needs further research.

Sirtuins belong to class III of HDACs. The distinguishing feature of this class of HDACs is that the catalytic activity of the enzyme depends on NAD+ and is regulated by dynamic changes in the NAD+/NADH ratio, suggesting that sirtuins may have evolved into a sensor of energy and redox states in cells. Among the histone-modifying enzymes, the NAD-dependent deacetylase SIRT1 (sirtuin 1) is a particularly well-known modulator of pulmonary hypertension (19). Studies have shown that SIRT1 can regulate the occurrence and process of autophagy and promote the treatment of PH diseases by enhancing the activity of autophagy (40). Specifically, SIRT can promote autophagy by activating key molecules in the autophagy pathway, such as LC3, Beclin-1, and ATG7, or by inhibiting the expression of mTOR, an inhibitor of autophagy. In PH diseases, the expression level of SIRT1 is also regulated. Under hypoxic stress, SIRT1 expression increases, promoting the occurrence of autophagy, which inhibits excessive cell proliferation and hypertrophy of lung vascular wall cells (41). The deacetylase-inactive mutant of SIRT1 disables the induction of autophagy under starvation in mouse embryonic fibroblasts compared with the SIRT1 wild-type gene (34). Histone mark H4K16 is deacetylated by SIRT1 and has great influence on transcriptionally repressing various ATG genes (ULK1/ATG1, ULK3/ATG1, ATG9A/ATG9, LC3/ATG8), leading to the decreased turnover of LC3/ATG8 and autophagic flux (42). Additionally, ATG5, ATG7, and ATG8 bind directly with SIRT1 and can be deacetylated by this binding (43). The stability and function of p53 are also impacted by the enzymatic activity of SIRT1. The degradation of p53 by MDM2 ubiquitination is reversed by SIRT1 expression, which acetylates p53 at lysine 382 and leads to autophagy activation in MCF-7 breast cancer cells (44). Meanwhile, the apoptosis and autophagic cell death of Ishikawa cells are inhibited by SIRT1 through p53 regulation. The subcellular localization of SIRT1 is another influencing factor in autophagy regulation. While SIRT1 limits autophagy in a nucleus under starvation or rapamycin treatment, deacetylation of cytoplasmic proteins by SIRT1 is responsible for autophagy induction (34). These pieces of evidence show that SIRT1 regulates autophagy by both epigenetic and post-translational mechanisms.

Starvation or rapamycin treatment is the well-recognized autophagy-inducing pathway. This canonical process is accompanied by the downregulation of KAT8 and deacetylation of H4K16. Histone acetyltransferase TIP60 activates the acetylation of ULK-1 during starvation-induced autophagy (45). Acetyl coenzyme A (acetyl-CoA), which serves as the donor for acetylation reactions, unavoidably plays an important role in regulating autophagy. High levels of acetyl-CoA inhibit the transcription of ATG7 by hyperacetylation of histone 3 (on K9, K14, and K18) (46). As another well-known autophagy inducer, spermidine is a naturally endogenous polyamine synthesized by diamine putrescine, leading to the inhibition of histone acetyltransferase activity and hypoacetylation of histone 3 (K9, K14, K18) (47). Acetylation of ATG7 promoter is activated and the autophagy-related genes (ATG7, ATG11, ATG15) are increased during spermidine treatment (48).

Generally, acetylation is a common modification and the acetylating regulators have been discovered with abnormal expression in PH. Specifically, acetylation affects autophagy-related genes and proteins such as BECN 1, ATG5, and ATG7, thereby affecting autophagy initiation, autophagosome formation, and the subsequent steps of autophagy. By regulating the expression and function of these key factors, acetylation ultimately affects the role of autophagy in PH. Furthermore, acetylation can also participate in the occurrence and development of pulmonary hypertension through pathways such as regulating endothelial dysfunction, inflammation, mitochondrial energy, and oxidative stress. Therefore, targeting acetylation signaling pathways may represent a promising therapeutic strategy for the treatment of PH.




4 Methylation of DNA and histones in the autophagy process of pulmonary hypertension

Methylation refers to the catalytic transfer of methyl groups from active methyl compounds to other compounds. Various methyl compounds can be formed, or certain proteins or nucleic acids can be chemically modified to form methylation products. Within biological systems, methylation is enzymatically catalyzed, involving regulation of gene expression, regulation of protein function, and RNA processing.



4.1 DNA methylation

DNA methylation involved in autophagy is regulated by both methyltransferase and demethylase, affecting protein–protein interactions, protein activity, and the interplay with other modifications. There are five members of the DNA methyltransferases (DNMT) family: DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L. DNMT1 catalyzes the methylation of mir-152-3p promoter region and inhibits its expression, which reduces cell viability and inhibits mitophagy progression (49). Additionally, the acetylation of DNMT1 KG-linker is linked to the stability of DNMT1 through USP77 with its UBL1-2 region. The fifth carbon of a cytosine ring in cytosineguanine dinucleotide (CpG) dinucleotides generating 5-methylcytosine (5mC) is transferred with a methyl group by DNMT3A (50), which leads to a stable and heritable DNA methylation mode on target ATGs. Meanwhile, autophagy activation promotes DNMT3A expression, resulting in its combination and transcriptional repression with LC3A, LC3B, and LC3BII genes (51). lncRNA MEG3 promoter methylation is also mediated by DNMT1, which in turn inhibits the ERK/p38/autophagy signaling pathway in bleomycin-induced pulmonary fibrosis (52). DNA methylation of ULK2, ATG5 gene promoter, nitro domain-containing protein 1 (NOR1), death-associated protein kinase (DAPK), and SOX1 also impact the autophagic process (20, 53, 54).

In PH, DNMT1 and DNMT3B are reported with elevated expression in experimental models induced by Sugen 5416 and hypoxia (55). The DNMT1-HIF-1α- pyruvate dehydrogenase kinase pathway also has an effect on right ventricular fibrosis in MCT-PAH (56). Additionally, bone morphogenetic protein receptor type 2 (BMPR2) promoter is also hypermethylated by switch-independent 3a in human pulmonary arterial smooth muscle cells (57). Furthermore, of therapeutic significance, the present study opens a new avenue for PH treatment by targeting the DNA methylation pathway in pulmonary vessel cells that can modulate the epigenetic landscape of pulmonary vascular genes, and therefore pulmonary vascular and RV remodeling. Given the widespread occurrence of DNA methylation regulation, the direct contact between DNA methylation and autophagy is relatively incomplete and more effort is needed to understand the pathological progression of PH (Figure 4).




Figure 4 | Methylation and alternative splicing located in nucleus regulating the autophagy process of pulmonary hypertension. N-methyltransferase (includes EHMT2, CARM1, EZH2, and SETD7) modulate the autophagy process through methylating histone 3, ATG16L1, and STAT3, contributing to the changes in the structure, function, and expression levels of certain genes, which impact the autophagy process in pulmonary hypertension. Alternative splicing, on the other hand, SnRNPs, and SRSFs regulate the RNA splicing process and can generate different isoforms of proteins involved in autophagy, which may have distinct structures and functions. These mechanisms may contribute to the dysregulation of autophagy in pulmonary hypertension, which is a pathological condition characterized by abnormal cellular remodeling in the lungs.






4.2 Histone methylation

Histone methylation mainly occurs on lysine and arginine. Lysine can be monomethylated (me1), dimethylated (me2), or trimethylated (me3), while arginine can be monomethylated (me1), symmetrically dimethylated (me2s), or asymmetrically dimethylated (me2a) on its guanidine group (58). Histone methylation is regulated by protein lysine methyltransferases (PKMTs or PLMTs) and protein arginine methyltransferases (PRMTs), including members of the PRMT family, SET gene family, and non-SET gene family (59, 60). Meanwhile, demethylases mediate the removal of methyl groups from different residues on histones (61). Histone methylation serves as a specific binding site for transcription factors and coregulators. Differential methylation on lysines is able to guide differential activation, causing it to bind to specific promoters. Thus, histone methylation sites form intermediate stations on chromatin that link specific transcription factors or cofactors to downstream gene expression.

Accumulating evidence indicates that histone methylation contributes to the control of cell fate and to the maintenance or suppression of autophagy. Enhancer of zeste homolog 2 (EZH2) gene encodes a histone lysine N-methyltransferase, which methylates histone H3 at position 27 lysine and induces transcriptional repression of the mTOR pathway under serum starvation conditions (62). Metastasis-associated 1 family member 2 (MTA2) recruits EZH2 at specific target gene promoters and catalyzes H3K27me3. In a transverse aortic constriction (TAC)-induced PH mouse model, EZH2 was overexpressed (63). EZH2 promotes vascular smooth muscle cell (VSMC) survival through catalyzing H3K27me2/3, suppressing autophagic cell death by inhibiting the ERK1/2 signaling pathway (64). By inhibiting the expression of EZH2, the proliferation and cell hypertrophy of pulmonary vascular smooth muscle cells can be weakened, and the occurrence of autophagy can be promoted to achieve the effect of treating PH diseases (65, 66). Furthermore, EZH2 methylates STAT3 at Lys180 to activate the STAT3 signaling pathway, which promotes the expression of BCL2 and BCL2L1 and directly inhibits autophagic functions (67). Inhibiting EZH2 with GSK343 or UNC1999 upregulates LC3B and autophagic progression, leading to VSMC loss, enhanced drug sensitivity, and cell death (68, 69). Meanwhile, endogenous knocking-down of EZH2 with RNA interference technology activates cellular senescence-signaling proteins (p16, p53, p14) and inhibits autophagy, which also leads to cell death (70).

H3K9 and H3K4 methylation levels are mainly catalyzed by histone methyltransferases (HMTs) such as euchromatic histone lysine methyltransferase 2 (EHMT2) (71). The dimethylation of H3K9 by EHMT2 represses autophagy gene transcription, which is achieved by the enrichment of EHMT2 on the promoters of ATGs (21). Inhibition of EHMT2 reverses the H3K9me2, resulting in the dissociation of EHMT2 and H3K9me2 from the promoter of ATG6 (72). Autophagy activation also promotes the dissociates EHMT2 from histone H3K9, further decreasing H3K9 dimethylation (73). Additionally, H3K4me3 is also recruited at the promoter region of the damage-regulated autophagy modulator (DRAM) gene upon serum deprivation conditions. DRAM expression is increased by H3K4me3 in serum deprivation-induced autophagy activation. EHMT2 inhibition displays reduced H3K4 methylation and ATGs’ expression in VSMC and various tumors (74). In addition, EHMT2 can also be assembled in the appropriate DNA region, regulating the expression level of autophagy-related nuclear factor transcription factors (75). The methylation levels of H3K4 likely serve as an upstream regulator of autophagy in PH. Specifically, lower methylation levels of EHMT2 are found in hypertensive patients as compared with normotensive subjects (76). Furthermore, emerging evidence suggests a role of DNA methylation in blood physiology, providing a clue regarding the direct link between EHMT2 expression and PH pathology. Overall, in-depth study of the specific mechanism of EHMT2 regulating autophagy will help to further reveal the pathogenesis of PH disease and open up new therapeutic pathways for the treatment of this disease (76).

Coactivator associated arginine methyltransferase 1(CARM1) belongs to PRMTs and increases H3R17me2 levels under glucose deprivation. CARM1 regulates autophagy through transcriptionally coactivating ATGs and lysosomal genes with transcription factor EB (TFEB) (77). Stem cell factor (SCF) E3 ubiquitin ligase is responsible for degrading and destabilizing CARM1 when autophagy is depressed by AMPK inhibition. CARM1-mediated histone arginine methylation seems to be a critical nuclear event in the regulation of autophagy and targeting the AMPK-CARM1 signaling pathway may abrogate the pathological progression in autophagy-related diseases. In addition, CARM1 can also regulate the expression levels of ATGs and nuclear factors by assembling in the appropriate DNA region, playing a regulatory role in multiple cellular responses such as nuclear factors, transcription factors, and cell signaling pathways (78). The homocysteine metabolism pathway is also reported to be regulated by CARM1, which is a risk factor for vascular disease (79). This evidence provides a clue regarding the importance of CARM1 in autophagy regulation of PH disease.

SET domain containing 7 (SETD7) belongs to the SET gene family, which is histone lysine methyltransferase containing highly conserved SET domains. SETD7 methylates ATG16L1 at lysine 151, impairing the ATG16L1-ATG12-ATG5 complex and autophagy progression. This methylation of ATG16L1 is reversed by lysine demethylase 1A (LSD1/KDM1A), inhibiting hypoxia/reoxygenation-induced cardiomyocyte apoptosis (80). Furthermore, methylated ATG16L1 at lysine 151 prevents its phosphorylation at S139, which is critical for autophagy maintenance (81). Moreover, SETD7 also dimethylates STAT3 at Lys 140, which prevents its phosphorylation at Tyr705 and inhibits STAT3 activity (82). STAT3 is critical for transcriptionally upregulating HIF1a, which is stabilized and induces autophagy under hypoxic conditions in PH (83). Located at 4q28.3-31.23, SETD7 deletion may impact lung vascular malformation leading to PH (84). The direct link between SETD7 regulation in the autophagy process of PH still needs more investigation and may play a significant role in the development of PH therapeutic drugs. Above all, histone methylation has been discovered with widespread existence in numerous human diseases. Many methylation regulators exhibit abnormal phenotype expression and have effects on PH progression. Studies of G9a and EZH2 in PH indicate that histone methylation plays an essential role in PASMC proliferation of PH. Specifically, increased levels of H3K9me2 and H3K9me3 contribute to impaired autophagic flux and the exacerbation of PH pathogenesis, while targeting these histone modifications has shown promise as a therapeutic strategy for PH.





5 RNA alternative splicing is another important regulatory machinery affecting autophagy



5.1 RNA alternative splicing regulatory enzymes

Transcription and translation make up the entire process of gene expression, and RNA splicing is a crucial step in this process. Due to the complexity and diversity of RNA splicing, alternative splicing is an important contributor to proteome richness. Small nuclear ribonucleoproteins (SnRNPs) and splicing regulatory factors (SRSF proteins, hnRNPs, RBPs) play important roles in finishing the transcription, and are involved in numerous human diseases including PH through ATGs regulation (Figure 4).

U1 snRNP overexpression induced by presenilin 1 affects autophagy by impairment of lysosomal biogenesis and autophagosome-lysosome fusion, which in turn affects the turnover of these peptides and accelerates neuronal cell death (85). Knocking-down the pre-mRNA splicing factor (PRPF8), which is a component of U5 snRNP and central module of the spliceosome, leads to enhanced skipped splicing of exon 22 and exon 23 of ULK1 at the mRNA level. This splicing process abrogates mitophagosome formation and the clearance of mitochondria (86, 87). U2AF1S34F mutant protein of the pre-mRNA splicing factor U2AF alters the 3′end formation of mRNAs through distal cleavage and polyadenylation sites, which results in ATG7’ depression (88).

SRSF1 and SRSF3 belong to the splicing regulatory factor family and inhibit autophagosome formation through their effect on the transcription factor (RELA proto-oncogene, NF-κB subunit, forkhead box O1)-BECN1 pathway in lung adenocarcinoma cells (89). The splicing of the long isoform of Bcl-x that interacts with Beclin1 is also promoted by SRSF1, thereby dissociating the Beclin1-PIK3C3 complex (89). Similarly, the 3′UTR of BECN1 is also regulated by binding with hnRNPA1, the effects of which remain to be established in PH (90).

Alternative splicing of the autophagy gene ATG5 has been shown to regulate apoptosis of pulmonary artery smooth muscle cells (PASMCs) in PH. The inclusion of a specific exon in the ATG5 mRNA, which is promoted by the splicing factor SRSF1, results in increased autophagy activity and decreased PASMC apoptosis (91).

SRSF3 has been shown to promote PH by regulating the expression of the autophagy gene ATG16L1. Specifically, SRSF3 promotes the inclusion of a specific exon in the ATG16L1 mRNA, resulting in increased autophagy activity and enhanced vascular remodeling (92). Conversely, other splicing factors such as RBM4 (RNA binding motif protein 4) can inhibit PH by promoting the exclusion of the same exon from the ATG16L1 mRNA, leading to decreased autophagy activity and attenuated vascular remodeling (93).

Muscleblind like splicing regulators (MBNLs) modulate alternative splicing through exon skipping. MBNL1 and MBNL2 interact directly with the rubicon autophagy regulator (RUBCN) through RNA binding, leading to the exon skipping of RUBCN and increases of autophagy (94, 95). Additionally, utilizing the antiautophagic drug chloroquine is sufficient to upregulate MBNL1 and 2 proteins (96). Chloroquine has been proven to be efficient in experimental mouse PH models, but the expression and function of MBNLs deserve a deeper study.

Alternative splicing regulation is an emerging mechanism of gene expression control, which affects protein translation and function by altering the splicing patterns of RNA. Alternative splicing of BMPR2 by SRSF2 has a role in PH penetration and makes developing PH more likely (97). Specifically, this regulatory mechanism can affect the transcription and alternative splicing of genes related to autophagy, thereby influencing the progression and efficiency of autophagy. These studies suggest that alternative splicing regulation plays a crucial role in autophagy in pulmonary hypertension. Therefore, a deeper understanding of the mechanisms underlying the alternative splicing regulation of autophagy in pulmonary hypertension is crucial for drug development and treatment.




5.2 Alternative spliced isoforms of ATGs affect the autophagic process differentially

Alternative splicing creates multiple isoforms of ATGs which may differ from the primary subunit in structure and function. An additional splice variant of BECN1 called BECN1 short isoform (BECN1S) that lacks both exon 10 and 11 has been reported in multiple cell types. This different BECN1 variant exhibits distinct functions in controlling autophagy compared to BECN1. Overexpression of BECN1S abrogates starvation-induced autophagy in AML cells as a negative regulator (98). Whereas BECN1S is useless in macroautophagy, it could on the other hand support mitophagy (99). These phenomena point out its effect in non-selective autophagy and selective mitophagy. Studies have shown that the ratio of BECN-1S to BECN-1 is altered in PH, with a shift towards the production of BECN-1. This shift has been shown to impair autophagy flux and lead to endothelial cell dysfunction. In addition to BECN-1, other autophagy-related genes have also been shown to undergo alternative splicing in PH (100). For example, the splicing of ATG5, another key autophagy regulator, has been shown to be altered in PH. This altered splicing leads to the production of a truncated isoform of ATG5, which has been shown to impair autophagy flux and lead to endothelial cell dysfunction (101).

Likewise, ATG10S, which is distinct from ATG10 at 36 amino acids at the N terminus promotes autophagy completion that degrades HCV subgenomic and genomic replicons. Meanwhile, the absence at Cys44 of ATG10S makes it possible for its nuclear translocation and combination with interferon lambda 2 (IL28A), which mediate the clearance of viral infections through autophagy (102).

ATG14 is another essential core component in the early steps of autophagy (103). ATG14S is a short variant of ATG14 which lacks the cysteine repeats-containing domain required for autophagosome-endolysosome fusion. Moreover, this oligomerization domain is not functional in the PtdIns3K nucleation complex formation, which retains the function of ATG14L and ATG14S in phagophores composition (104).

ATG7 is required for LC3 lipidation for its E1-like enzyme activity. ATG7(2) is distinct from ATG7(1) at a deprived exon of 27 amino acids. Additionally, ATG7(2) lacks the region required for homodimerization and the binding between ATG7 and LC3, thus inhibiting the lipidation of LC3 (105).

ATG16L1 participates in autophagy regulation in multiple aspects, like binding with ATG5 through its N-terminal region and engaging in LC3 lipidation (106). Three slicing variants of ATG16L1 have been discovered so far and ATG16L1β (absence of exon 9) contains a unique β-isoform lipid-binding region, which is indispensable for LC3 lipidation under endosomal stress (107).

Lysosomal-associated membrane protein 2B (LAMP2B) is abundant in lysosomes and is indispensable in autophagosome fusion with late endosomes/lysosomes. The differences between LAMP2C and LAMP2B are located at the lysosomal carboxyl-terminal transmembrane region and the cytoplasmic short tail. Meanwhile, LAMP2C affects DNautophagy and RNautophagy through interacting with RBPs (108). LAMP2C is reported to interact with RBPs and nucleic acid proteins such as histone 1, suggesting a role in the uptake and degradation of RNA and DNA molecules within the lysosome, processes known as DNautophagy and RNautophagy (108).

To summarize, studies have shown that alternative splicing variants of ATGs may be associated with the occurrence and development of PH. Specifically, some alternative splicing variants of autophagy genes increase the expression levels in pulmonary vascular smooth muscle cells, leading to enhanced intracellular autophagy processes and promoting the development of PH. In addition, certain alternative splicing variants may also affect PH through pathways such as cell apoptosis, proliferation, and metabolism. However, the research on the relationship between alternative splicing variants of ATGs and PH is still in its early stages and requires further investigation.




5.3 MirRNAs

MirRNAs are small (21–25 nucleotides) single stranded RNAs that bind to complementary nascent mRNAs and render them susceptible to degradation prior to translation, thereby inhibiting the expression of specific target genes. RNA interference is an epigenetic mechanism of gene regulation that occurs post-transcriptionally. MirRNAs plays an important role in autophagy regulation. For example, some microRNAs can inhibit the expression of autophagy-related genes, thus inhibiting the autophagy process, while some long non-coding RNAs can participate in the induction and execution process of autophagy. For example, MirRNA-10a, MirRNA-20a, and MirRNA-885-3p target RB1CC1, ULK1, and ULK2, respectively, and impact the induction of autophagy (109–111). MirRNA-34a, MirRNA-195, MirRNA-30a, and MirRNA-30a bind ATG9, ATG14, BECN1, and UVRAG, respectively, in the nucleation process of autophagy (112–114). The elongation of autophagy phospholipid membrane is regulated by ATG4, ATG5, ATG7, ATG10, ATG12, ATG16, LC3, and SQSTM1, which are also affected by MirRNA-101, MirRNA-30a, MirRNA-17, MirRNA-519a, MirRNA-30d, MirRNA-519a, MirRNA-204, and MirRNA-17 (111, 115–119). This evidence elucidates that MirRNA participates in regulating the whole process of autophagy and has an effect on the completion of autophagy.

In recent years, small RNAs have gained more and more attention and numerous studies have made progress in the regulation of small RNAs in PH. CircSIRT1 impacts the biological behavior of hypoxia-stimulated PASMC via modulating the Mir-145-5p/Akt3 pathway (120). The circ-calm4/Purb/BECN1 signal axis is involved in the occurrence of hypoxia-induced PASMCs autophagy, and the novel regulatory mechanisms and signals transduction pathways in PASMC autophagy are induced by hypoxia (121). LncRNA-GAS5/Mir-382-3p axis promotes autophagy and inhibits pulmonary artery remodeling. MirRNA-874-5P regulates autophagy and proliferation in PASMCs by targeting Sirtuin3 (41). Mir204 enhances autophagy and promotes endothelial-mesenchymal in hypoxia PH (122). Targeting this MirRNA has been shown to restore autophagy and improve disease symptoms in animal models of PH. These non-coding RNAs modulate the ATGs with relatively simple and direct mechanisms through binding and inhibiting the target genes. These molecules have emerged as attractive targets for PH therapy due to their ability to modulate various signaling pathways involved in disease progression, including autophagy.

Targeting MirRNAs that regulate autophagy is a potential personalized therapy. Currently, research on the mechanism of MirRNA regulating autophagy mainly focuses on the following aspects: identifying and describing new regulatory factors, exploring the molecular mechanisms of regulatory factors, and studying the role of regulatory factors in PH. These studies are of great significance for us to deepen our understanding of autophagy regulation mechanisms, develop treatment methods for autophagy-related diseases, and so on. However, it should be noted that there are still many unknowns about the mechanism of MirRNA regulating autophagy which require further research and exploration.





6 Conclusions and future perspectives

PH is a type of chronic life-threatening cardiovascular disease that is difficult to cure clinically, the pathogenesis of which is complex and not yet fully understood. Epigenetic regulation affects the expression, stability, and function of ATGs and plays important roles in the development of PH. Certain epigenetic modification patterns (such as DNA methylation and histone modification) are reported with abnormal dysfunction in patients with pulmonary hypertension, leading to dysregulated gene expression and promoting pathological processes such as pulmonary vessel tension and cell proliferation. In this review, mounting evidence has demonstrated that crosstalk between epigenetic modifications and autophagy is related to the initiation and progression of PH. Acetylation regulated by HDACs and HATs occurs in multiple signaling pathways which directly or indirectly act on ATGs, which can either promote or inhibit autophagic activity depending on the specific lysine residues targeted and the acetyltransferase/deacetylase enzymes involved. In preclinical studies, HDAC inhibition has been shown to attenuate PH by enhancing autophagy in both endothelial cells and smooth muscle cells. This effect is mediated by the acetylation of histones upstream of autophagy-related genes such as BECN-1 and LC3 (123). A HDAC inhibitor is one potential approach for personalized treatment strategies targeting epigenetic regulation of autophagy. However, more research is needed to determine whether HDACi are a viable therapeutic option for human PH (124). Understanding the precise mechanisms by which acetylation regulates autophagy is an active area of research, with potential therapeutic implications for diseases associated with autophagy in PH. Targeting acetylation and deacetylation pathways may offer new strategies for enhancing or inhibiting autophagy in disease states, although further preclinical and clinical studies are needed to evaluate their efficacy and safety.

Additionally, the aberrant methylation of histones and DNA in nucleus serves as another important pattern contributing to autophagy dysfunction in various diseases, such as cancer, neurodegenerative disorders, metabolic disorders, and PH. Hypermethylation of ATGs leads to decreased autophagic activity and increased growth. However, the relationship between methylation and autophagy is complex and context-dependent, and more research is needed to fully understand the underlying mechanisms. Furthermore, it remains unclear whether targeting DNA methylation could be a viable therapeutic approach for modulating autophagy in PH. Overall, the study of methylation regulation of autophagy presents an exciting avenue for future research, with potential implications for the development of novel therapeutic strategies.

Alternative splicing has effects on autophagy in PH through producing multiple protein isoforms with distinct structures. It can generate both pro-autophagic and anti-autophagic isoforms with opposing functions. Considering the complexity of alternative splicing, more research is needed to elucidate the exact molecular pathways involved. Overall, the study of alternative splicing regulation of autophagy presents a promising area for future research. With a better understanding of the complex interplay between alternative splicing and autophagy, researchers may be able to uncover new targets for drug development and improve our ability to treat PH involving autophagy dysfunction.

As for now, the clinical treatment of autophagy in PH has progressed rapidly, which will be elaborated in depth below. First, cytokine inhibitors (125): currently, research has found that one of the therapeutic strategies for autophagy is to regulate autophagy by regulating cytokine levels. Specifically, the evaluation and regulation of cytokines such as TGF-β, BMP, and PDGF in PH diseases has become a research hotspot. Treatments that target these cytokines, such as the use of specific inhibitors, play an important role in restorative enhancement therapy for autophagy (126). Second, the development of agonists and inhibitors (127): studies have found that treatment targeting specific autophagy modulators can promote cardiovascular recovery and reduce symptoms of PH. There are currently many autophagy regulators being developed, including autophagy agonists and inhibitors. Studies of autophagy agonists in the treatment of PH have shown that some autophagy agonists can reduce symptoms in patients with PH by enhancing the activity of autophagy (128). For example, according to one study, Sirt1 agonists reduce symptoms in rats with PH, reducing the pulmonary vascular resistance and right ventricular weight index by promoting autophagy. Similarly, another study showed that a drug called RapaLink-1 that utilizes autophagy pathway drug delivery can reduce pathological damage and thymus peptide secretion in mice. These findings suggest that autophagy agonists may become a novel drug for the treatment of PH. Acting as an autophagy inhibitor, chloroquine has a significant therapeutic effect in patients with PH. A randomized, double-blind, placebo-controlled trial of chloroquine in the treatment of PH showed that chloroquine significantly reduced clinical symptoms and blood biochemical parameters and increased exercise tolerance and lung function (129). These data suggest that chloroquine, as a drug regulating autophagy, may be a good prospect in the treatment of PH. In general, chloroquine will become a major trend in the development of autophagy agonists in the treatment of PH. Its complex mechanism of action and definite efficacy provides a new treatment option for patients with PH. However, chloroquine needs further clinical studies to support it as the first-line drug for the treatment of PH (9). As such, personalized treatment strategies targeting these pathways may be effective in improving outcomes for patients with PH.

Above all, epigenetic regulation of autophagy plays an important role in the pathogenesis of PH. Researchers are currently exploring how to use epigenetic regulation and autophagy to treat PH. Inhibiting autophagy through drug intervention can successfully alleviate the severity of PH. In addition, some epigenetic modification repair technologies are also under development to restore damaged gene expression patterns. Further clinical and translational research is needed to optimize screening, diagnostics (including genetic testing), establish therapies, and tailor therapy to treat the underlying pathological processes in PH patients. With the advancement of technology and knowledge, we can expect more effective and personalized treatment options to emerge focusing on epigenetic regulation and autophagy.
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