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Single-cell RNA sequencing (scRNA-seq) is a new technology that can be used to explore molecular changes in complex cell clusters at the single-cell level. Single-cell spatial transcriptomic technology complements the cell-space location information lost during single-cell sequencing. Coronary artery disease is an important cardiovascular disease with high mortality rates. Many studies have explored the physiological development and pathological changes in coronary arteries from the perspective of single cells using single-cell spatial transcriptomic technology. This article reviews the molecular mechanisms underlying coronary artery development and diseases as revealed by scRNA-seq combined with spatial transcriptomic technology. Based on these mechanisms, we discuss the possible new treatments for coronary diseases.
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section-at-acceptanceCoronary Artery Disease

1. Introduction

Coronary arteries are the only arteries that supply blood to the heart. Coronary artery disease may lead to insufficient blood and oxygen supply to the heart, resulting in myocardial necrosis, which can be fatal in severe cases (1). According to data on the official website of the World Health Organization, an estimated 18 million people died from cardiovascular diseases in 2019, representing 32% of all global deaths. Owing to the lack of understanding of the microscopic changes in coronary artery disease, the molecular mechanisms and gene expression levels during disease progression are at an exploratory stage. Identifying specific gene expression or targets in coronary lesions facilitates development of precision medicine (2, 3).

With the invention of single-cell transcriptomics, over the past decade, researchers have been able to explore coronary development and disease processes from a single-cell perspective. Single-cell RNA sequencing (scRNA-seq) is a powerful tool that can generate and validate many predictions that need to be confirmed experimentally (4–6). However, given the technical confounding factors and the disordered nature of sequencing, scRNA-seq data do not necessarily represent the ground truth regarding biological differences. Therefore, the accuracy of the results must be validated further. With innovations in single-cell sequencing technology, single-cell spatial transcriptomic technology that preserves the spatial information of single cells has also been constantly updated (7, 8). According to technical implementation, there are common technologies that combine RNA in situ hybridization or paired cell sequencing or complex algorithms with scRNA-seq data (9, 10). The latest technology is a direct single-cell spatial transcriptomic technique in which scRNA-seq is performed on living tissue sections using spatially encoded RNA capture probes. These technologies can be used to obtain the spatial information of a single cell of a certain organization. RNA in situ hybridization, including single-molecule fluorescence in situ hybridization (smFISH), complex computational algorithms, and cell pairing, is based on the principle that some components of spatial information are compared with scRNA-seq data to obtain the spatial information of a single cell (8, 11, 12). This study focused on single-cell spatial transcriptomic sequencing and RNA in situ hybridization combined with scRNA-seq sequencing technology. (Table 1) These technologies can be used to directly validate the results of single-cell sequencing (11, 19). Furthermore, coronary artery disease, especially coronary atherosclerotic lesions, can easily cause myocardial infarction, which causes the myocardial cells around the infarction to have different degrees of ischemia and hypoxia. Hence, single-cell spatial transcriptomic techniques can be used to identify the spatial differences in lesions around the infarct.


TABLE 1 Match single-cell spatial transcriptomics with references.
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In this study, we explored the findings of scRNA-seq and spatial transcriptomic techniques in a multicellular coronary microenvironment. We integrated recent results from single-cell sequencing and spatial transcriptomic studies of coronary developmental stages and diseased coronary arteries to provide the latest insights into the cellular origins and molecular mechanisms of coronary artery disease development and coronary lesions. We found that cells such as venous sinuses are the major contributors to coronary development during the developmental stages. Furthermore, epicardial cells play key roles in promoting the development of coronary arteries. Focusing on the composition of the pathological microenvironment in coronary atherosclerotic lesions, we discovered a much-debated collateral circulation and its formation. Various types of cardiac cells participate in a coronary-capable collateral circulation through different mechanisms. Based on the mechanism targets and gene expression discovered using single-cell spatial transcriptomics technology, we propose possible molecular targets and methods to achieve precision medicine for coronary artery disease, with the hope of providing prospective future precision medicine treatment ideas.


1.1. Using scRNA-seq to identify progenitor cells in the context of coronary development

Determining the mechanisms underlying coronary arterial origin has always been a striving direction for researchers (20, 21). With progress in research methodologies, researchers have deepened their understanding of the origin of coronary arteries.

From the earliest “aortic sprouting origin” theory to the belief that there was a transient structure “precordial” in the embryo, coronary arterial origin has been studied for decades. Using single-cell sequencing technology, we identified the venous sinus origin of the coronary arteries. The formation of coronary vasculature is a complicated and unintuitive process involving multiple cellular sources. Advances in single-cell sequencing technologies have allowed us to analyze the different origins of coronary arteries at the single-cell level. Studies have shown that the venous sinus, endocardium, and cardiac neural crest are the main sites of coronary artery development. In addition, epicardial cells express vascular chemokines that promote coronary artery development in a paracrine manner (Figure 1).
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FIGURE 1
Mechanisms of embryonic coronary artery development: 1. Venous sinus cells must first differentiate into pre-arterial cells before participating in coronary artery formation 2. Prdm6 promotes cardiac neural crest cells to differentiate into pericytes through epithelial-mesenchymal transformation by upregulating the expression level of WNT1. Next, pericytes differentiate into coronary smooth muscle cells under the activation of NOTCH3 signal to participate in coronary artery formation 3. Endocardial cells involved in coronary formation during embryonic development.


Studies have suggested that the venous inflow channels of the embryonic heart, that is the venous sinuses, migrate and differentiate into coronary arteries (22). To explore the mechanisms and specific markers of the sinus-to-coronary transition, researchers have sequenced embryonic mouse hearts using scRNA-seq tools. Based on the cell clustering of sequencing data, the continuous and discrete cell clusters were calculated to determine the regularity of the cardiac developmental transition. Finally, the researchers proposed the concept of “ pre-arterial population” and discovered that a new gene, Slc45a4, marked the pre-arterial population at an early stage (22). Slc45a4 was enriched in adult coronary arteries. They suggested that embryonic sinus cells would leave the sinus and differentiate into coronary arteries by gradually reducing their venous identity and enhancing arterial gene expression. Venous sinus cells reach the gain threshold of arterial genes and form a cell group that resembles mature coronary arteries. This cell population exists before appearance of coronary blood flow and is no longer observed after the embryonic coronary arteries are formed. Therefore, the population is distinct from mature coronary plexus cells and is known as a pre-arterial population. On induction of the expression of COUP-TF2 to block the formation of anterior arterial populations, the veins fail to develop into arteries (22).

In addition to sinus venosus, studies have suggested a modest contribution from the ventricular and atrial endocardium. This shows that the process of pre-arterial grouping is indispensable during maturity and development of the coronary arteries (23). According to previous research, the postpartum cardiovascular system undergoes a process of trabecular compaction. During this process, neocoronary circulation occurs along with the rapid formation of the ventricle. The neocoronary vasculature has been proven to be largely de novo rather than derived from the original vasculature. Tian et al. used genetic lineage-tracing approaches to demonstrate that the endocardium plays an important role in neocoronary circulation (23). There are many discrepancies in the formation process, vascular morphology, and spatial location of blood vessels from different sources. These discrepancies would affect the physiological state and pathological processes in blood vessels. To investigate functional differences between vessels of different origins, scRNA-seq analysis could be a powerful tool to provide substantial clues in identifying these discrepancies (23).

Cardiac neural crest cells are a transient population of embryonic pluripotent cells unique to vertebrates. In recent decades, researchers have discussed the role of cardiac neural crest cells in heart development, including coronary artery development. Recent studies have shown that cardiac neural crest cells are directly involved in the formation of coronary muscle cells (24). Chen et al. performed lineage tracing using single-cell RNA transcription technology and found that pericytes derived from cardiac neural crest cells had the ability to gradually migrate and differentiate into vascular smooth muscles (14). Notch3 signaling is significantly upregulated during the migration of cardiac neural crest cell-derived pericytes to vascular smooth muscle cells (14). The Notch3 signaling ligand, Jagged-1, is induced following the onset of blood flow. Notch3 binds to Jagged-1 to guide pericoronary vascular smooth muscle cell differentiation (25). A scRNA-seq study found that cardiac neural crest cells undergo an epithelial-mesenchymal transition during embryonic development (26). During this process, neural crest cells migrate and differentiate into different cell types. Loss of the epigenetic modifier Prdm6 impairs the epithelial-mesenchymal transition of cardiac neural crest cells, resulting in the failure of normal heart development. Correlative changes have been observed in the expression levels of Prdm6 and WNT1 at different stages of cardiac neural spine cell migration and differentiation. Researchers have speculated that the mechanism by which Prdm6 affects heart development may be related to WNT1 signaling levels (26). Gandhi et al. used scRNA-seq to verify that the transcription factor Tgif1 is required for the formation of cardiac neural crest cell populations (27). In situ hybridization was used to measure the expression of Tgif1, and the important role of the transcriptional cascade among Tgif1, Sox8, and Ets1 in determining the cardiac neural crest identity was verified (26). Based on the extensive migration and differentiation capabilities of cardiac neural crest cells, scRNA-seq combined with spatial transcriptomics is expected to lead to profound discoveries regarding the developmental mechanisms of cardiac neural crest cells. This is important for improving cardiac developmental cognition and for developing new diagnostic and therapeutic approaches (18).

During cardiac development, the epicardium-derived cells express vascular maturation factors that promote coronary artery development. Simultaneously, a subset of the epicardium undergoes an epithelial-mesenchymal transition to give rise to a cell population that differentiates into multiple cell types, which we call epicardial-derived cells (28). Epicardial-derived cells undergoing epithelial-mesenchymal transition are involved in the maturation of coronary arteries. The process of epicardial epithelial-mesenchymal transition is integral to normal coronary development. Blockade of epicardial epithelial-mesenchymal transition results in incomplete and malformed coronary arteries. Jackson-Weaver et al. showed that an epicardium lacking protein arginine methyltransferase 1 (PRMT1) affects the formation of coronary arteries (29). Using scRNA-seq, they found that the lack of PRMT1 resulted in an abnormal increase in P53. P53 inhibits cell division, thereby blocking the epicardial epithelial-mesenchymal transition. Simultaneously, they observed incomplete perivascular coverage of coronary smooth muscle cells in mice lacking PRMT1 and loss of perivascular cells in the ventricular wall. This is related to proangiogenic maturation factors expressed by epicardium-derived cells (30, 31). Vascular maturation factors interact with adjacent coronary cells via a paracrine pathway of epicardium-derived cells. The normal role of angiogenic maturation factor might activate the expression of some genes in the recipient cells, leading to normal cell division, proliferation, and differentiation into mature coronary arteries. In addition, epicardium-derived cells are believed to have the ability to differentiate into smooth muscle cells and potentially endothelial cells (25, 32). The exact target or mechanism by which the epicardium affects the formation and maturation of the coronary arteries is still under investigation. As technology develops, the methodological realization of scRNA-seq combined with spatial transcriptomics can serve as a powerful hypothesis-generation tool. Using this technique, we can better understand the specific receptor cells and targets of pro-angiogenic maturation factors in the paracrine pathway, as well as the downstream mechanisms of coronary artery formation after receptor cells are activated. This will help us further unravel the secrets of adventitial cells in coronary development and identify useful targets in coronary disease (18).

Moreover, scRNA-seq technology plays an important role in identifying key signaling targets during coronary development and maturation, such as NOTCH signaling pathway-related targets. NOTCH signaling is widely active during early embryonic development and can be maintained at low expression levels during maturation (33). NOTCH signaling participates in cell fate selection based on the binding of ligand receptors and maintains physiological homeostasis (34). During coronary development, abnormal NOTCH signaling can lead to severe malformations. Using single-cell sequencing data of human embryonic hearts, researchers have found that decreased expression of NOTCH-targeted genes in the vascular endothelium contributes to malformed coronary arteries after excluding interfering cells in transition clusters. Interestingly, the occurrence of coronary malformations can be reduced by upregulating NOTCH-targeting ligands, which inversely proves the important role of NOTCH-targeted gene expression in the normal development of coronary arteries.



1.2. Gathering spatial information from single-cell data to study coronary artery dysplasia

Single-cell transcriptome sequencing has unique advantages for detecting the expression in single cells. Single-cell transcriptome sequencing has laid the groundwork for identifying signal changes in individual cells, who cell types were previously unknown, and cell subpopulations during coronary artery development. However, owing to the technical limitations of scRNA-seq, the spatial information of single cells cannot be obtained during the separation process, masking the information exchange between cells. However, with the advancement in technology, the spatial information of single cells can now be obtained during the isolation process (12, 18). Spatial transcriptomics can deepen our understanding of cell-cell interactions during coronary development, maturation, disease, and aging. At present, some achievements have been made in the application of spatial transcriptomics to coronary artery development, which provides a valuable reference for understanding coronary artery development to explore coronary physiology and pathology and develop therapeutics (35).

Asp et al. found that differences in gene expression were more pronounced between regions within the heart during early embryonic development than between different time points (13). They found that distinct cell clusters of fibroblasts have well-defined regions of localization during cardiac development and are involved in the development of different tissues. Based on the differences in marker genes, Asp et al. performed dimensionality reduction clustering on the obtained single-cell data and divided the identified fibroblast-like cells into four types of cell clusters. Dissecting the spatial information of the four cell clusters of fibroblast-like cells revealed that each cluster was located at a different spatial location in the heart and was involved in different tissue development. One type of cell cluster, located in the atrioventricular subepicardial mesenchyme, participated in the formation of coronary arteries (23). Two other types of cell clusters were located in the subepicardial and outflow tracts and were involved in angiogenesis and arterial morphogenesis. In addition to fibroblasts, we performed spatial information analysis of two cell clusters of endothelial cells (13). One of these cell clusters was localized in the trabecular myocardium and was a component of small blood vessels. The second was located in the dense myocardium and was a component of the coronary arteries.

Cardiac neural crest cells can participate in the formation of coronary vascular smooth muscles. However, specific cardiac neural crest cell types and locations remain unknown. Chen et al. used single-molecule fluorescence in situ hybridization to identify the spatial distribution of different subsets of cardiac neural crest cell-derived muscle cells (14). One type of vascular smooth muscle cell cluster, C1, which expresses high contractility markers, was found to be located in the coronary arteries, whereas the other two cell clusters, C2 and C3, were located in the aorta. In addition, the levels of pericyte markers, such as G protein-regulated signaling protein 5 (Rgs5) and Kcnj8, were significantly higher in C1 cell clusters. This validates the findings from previous single-cell studies showing that cardiac neural crest cell-derived pericytes can differentiate into coronary vascular smooth muscle (14).

Thymosin β4 encoded by TMSB4X is a well-recognized pleiotropic secreted peptide that plays an important role in cytoskeleton formation and motility (36). To study the expression of thymosin β4 during cardiac development, researchers selected chicken hearts at different stages according to the developmental stages of the Hamburg-Hamilton ventricle for single-cell transcriptomic analysis. Mantri et al. performed cell type annotation based on single-cell clustering and found that thymosin β4 was ubiquitously expressed in all cell types (37). The expression levels of TMSB4X vary in different cell populations as development progresses. Single-molecule fluorescence in situ hybridization exploration revealed that differences in thymosin β4 levels were related to spatial organization (37). During early development, TMSB4X is enriched in the endocardium and epicardium, while thymosin β4 has the highest expression in the coronary vascular endothelium at the late developmental stages. As previously described, the epicardium promotes coronary development, and the coronary arteries originate from the endocardium. Based on this, we believe that TMSB4X is always enriched during coronary development and both before and after coronary formation. In other words, the high expression of thymosin β4 contributes to the formation and development of coronary arteries. Existing studies have found that increasing the content of thymosin β4 in mice after myocardial infarction can prevent cardiac damage and improve cardiac function (38). This may be related to the promotion of coronary regeneration by thymosin β4 (39–41). E xploring the relationship between TMSB4X, which is enriched during coronary artery development, and the regenerative capacity of the coronary artery will have pioneering significance in the treatment of coronary artery diseases, such as myocardial infarction.

We predicted that spatial transcriptomics might be useful for understanding epicardial paracrine mechanisms. Single-molecule in situ hybridization spatiotemporal analysis based on transcriptional data by Lupu et al. confirmed our hypothesis (42). Lupu et al. found that Rgs5-expressing epicardial-derived cells were tightly attached to coronary endothelial cells (42). Under this spatial structure, the PDGF-B signaling pathway in coronary endothelial cells is activated in a paracrine manner to induce the maturation of coronary wall cells. More abundant and mature single-cell spatial transcriptome studies may play a greater role in understanding epicardial paracrine mechanisms.




2. New insights into coronary artery disease based on scRNA-seq

Coronary artery disease, particularly coronary atherosclerosis, is characterized by high morbidity and mortality rates. Single-cell transcriptome sequencing studies have focused on disease progression and pathological changes in coronary atherosclerosis. scRNA-seq studies have demonstrated changes in endothelial cells, vascular smooth muscle cells, and immune cells during the pathological process of coronary artery diseases and systematically explored the sensitivity and plasticity of these cells to changes in the microenvironmen (2, 43).

According to previous studies, adult mouse arterial endothelial cells are primarily composed of three cell populations with different characteristics. These include mature vascular endothelial cells, endothelial cells with inflammatory properties, and endothelial cells with mesenchymal properties (44). Different types of endothelial cells are differentially transformed and play different roles in the development and prognosis of various diseases. Single-cell sequencing data suggest that endothelial cells are activated during coronary artery disease. Endothelial cells acquire different phenotypes under the stimulation of a pathological microenvironment. Together with immune cells, endothelial cells constitute an arterial inflammatory environment and promote atherosclerosis (45).

Furthermore, single-cell transcriptome studies have explored the changes in vascular smooth muscle during atherosclerotic pathology. A study found that in atherosclerotic lesions, vascular smooth muscle cells, which are contractile in the normal state, undergo dedifferentiation and result in differentially expressed cell clusters (46). These diverse cell types are involved in the formation of the complex environment of diseased blood vessels. In addition, scRNA-seq studies also confirmed that the content of Krüppel-like factor 4 (KLF4) and the expression level of the Tcf21 gene in mice play crucial roles in the dedifferentiation of vascular smooth muscle cells into various cell types (47–49). Various derivatives of muscle cells have different functions that influence the disease process in a positive or negative manner (50). Continued exploration at the molecular level will help us understand the specific roles of different cell types in coronary atherosclerosis, which could contribute to development of precision medicine.

Inflammation is directly involved in the overall development of coronary atherosclerosis (51). In the early stages of the disease, a large number of immune cells are recruited to the diseased areas (52). Single-cell transcriptome studies have shown that different immune cell types exhibit functional differences in pathological changes, demonstrating immune cell diversity in lesions. Based on the clustering of single-cell sequencing data, different clusters of macrophages participate in different stages of inflammation by expressing different functional genes. Macrophages expressing inflammatory response-related factors such as CYBA, LYZ, and S100A9/8 are directly involved in the inflammatory response (53). The IFNIC macrophage population that prominently expresses Isg15, Irf7, Ifit1, and Ifit3 is characterized by type I interferon production (53). Macrophage clusters with upregulated JUNB and NFKBIA are involved in pro-inflammatory responses. Macrophage clusters are also involved in cholesterol uptake and lipid accumulation (54). T cells are present throughout the development of atherosclerotic lesions. The number of naïve CD4+ T cells decreases significantly during the lesion process, and they might differentiate into other types of T cells. CD8+ T cells show functional polarization during the pathological process, which may contribute to the pathological process and may also be vasoprotective. In addition to the inflammatory response of cells, scRNA-seq studies have shown that innate lymphocyte-2 has a strong vascular protective effect against atherosclerosis (52). Single-cell transcriptome sequencing has further revealed the phenotypic transformation of various cells in the pathological microenvironment of coronary atherosclerosis. Complex interactions between cells affect the progression of coronary artery disease and participate in the generation of the pathological microenvironment.


2.1. The latest view on coronary collateral circulation

After coronary artery disease occurs, insufficient blood supply to the heart makes the heart prone to myocardial infarction and cardiac dysfunction. Currently, revascularization therapy is the first-line treatment for coronary artery disease. However, this method of clinical revascularization is not suitable for all patients and can be applied in limited situations (55). Moreover, ischemia-reperfusion injury may occur after reperfusion therapy, which further damages the myocardial function. Historical data have documented the absence of myocardial infarction in some patients with chronic total coronary occlusion, suggesting the possibility of additional collateral circulation in coronary occlusion (56). Recent studies have confirmed that collateral circulation in cases of coronary occlusion could help the heart supply blood and reduce myocardial damage (57, 58). However, imaging-based studies have been limited to exploring the targets and signals that regulate collateral angiogenesis. Therefore, researchers have selected single-cell transcriptomics, which is advantageous for exploring molecular targets.

Exploring the source of neovascularization after myocardial infarction might help us better understand collateral circulation. Based on single-cell transcriptome sequencing data, researchers have identified sources of neovascularization and related regulatory targets after myocardial infarction (Figure 2).
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FIGURE 2
The mechanism underlying collateral circulation after myocardial infarction: endothelial progenitor cells, which still have differentiation potential in adult hearts, participate in initiating collateral circulation through proliferation and differentiation; P53-Wnt4-P-JNK mechanism promotes the epithelial-mesenchymal transformation of cardiac fibroblasts to form mesenchymal cells with differentiation potential. Mesenchymal cells proliferate and differentiate into arterial endothelial cells to participate in initiation of collateral circulation; Mature venous sinus cells and subendocardial cells after myocardial infarction also have the potential to differentiate into coronary cells.


Endothelial progenitor cells, which retain their differentiation potential in the adult heart, are one of the main sources of neovascularization after myocardial infarction (59). Li et al. selected isolated mouse hearts for single-cell sequencing and found that endothelial progenitor cells in coronary resident endothelial cells after myocardial infarction could form new blood vessels via clonal proliferation (5). In this study, Li et al. discovered a novel endothelium-specific marker for marking new blood vessels, namely plasma vacuolar-associated protein (PLVAP). Suppression of PLVAP expression significantly inhibited the proliferation of new blood vessels. This suggests that the regulation of PLVAP expression could affect the formation of new blood vessels, providing a new potential target for therapy. Experiments by Ubil et al. in adult mice demonstrated that cardiac fibroblasts can re-experience a developmental transition, in which the heart undergoes an ischemic injury. It promotes neovascularization through the fibroblast-mesenchymal transition-endothelial process (60). Given the activity of the p53 transcription factor in various cellular stresses, researchers have explored whether p53 is involved in phenotypic changes in fibroblasts under myocardial infarction stress. They demonstrated that the transcription factor P53 could participate in the regulation of fibroblast mesenchymal-endothelial transition by introducing P53-binding primers (61). Dong et al. used chromatin immunoprecipitation and gene knockout methods to demonstrate that Wnt4 plays an important role in fibroblast transformation after cardiac injury. They found that Wnt4 was a key downstream target gene in the regulation of fibroblast mesenchymal-endothelial transition by the transcription factor P53. Under the action of the transcription factor P53, Wnt4 is overexpressed in cardiac fibroblasts and induces fibroblast mesenchymal-endothelial transition through the phosphorylation-JNK/JNK signaling pathway (61). Although some researchers thought that the method of labeling fibroblasts in their study was inaccurate, later investigators demonstrated that at least some fibroblasts undergo this transition (62). Compared with primer binding or gene knockout experiments, single-cell transcriptome sequencing can help us obtain relevant target signals more efficiently and accurately. Furthermore, single-cell transcriptome sequencing can be used to identify previously unidentified genes and reveal random allele expression. In a single-cell study, a population of cells co-expressing fibroblasts and endothelial cells was found in the post-MI cell population, suggesting that the transition from fibroblasts to endothelial cells precedes the mesenchymal transition. Currently, there is a lack of research on single-cell molecular mechanisms involved in the transition process. Dube et al. suggested that the coronary sinus plays an important role in de novo neovascularization after myocardial infarction (63). Considering that the coronary sinus is an adult derivative of the embryonic sinus, the activation of the adult coronary sinus to form new blood vessels after myocardial infarction may be related to the activation of embryonic gene expression. More in-depth single-cell transcriptome studies can help identify relevant targets. Räsänen et al. suggested that subendocardial endothelial cells participate in angiogenesis (64). In their study, they ligated mouse coronary arteries to simulate ischemic perfusion of mice hearts (65). Using tissue section staining and angiography, they demonstrated that high expression of the vascular endothelial growth factor-B (VEGF-B) gene promotes the proliferation of subendocardial endothelial cells to generate endocardium-derived coronary arteries (64). The same conclusion was reached in a lineage-tracing study. The researchers used scRNA-seq to analyze the mechanism by which VEGF-B regulates the proliferation and differentiation of mature cardiac endothelial cells into coronary vascular endothelium. They observed an increase in the capillary endothelium during proliferation (65). This suggests that the endocardium may undergo a transition to capillary endothelium during its proliferative transition to coronary endothelial cells promoted by VEGF-B. They also found increased expression of endocardial Pecam1, which is normally highly expressed in coronary endothelial cells (65). This suggests that under the expression of VEGF-B, the endocardium of the adult heart gradually overexpresses coronary genes. In addition, the expression of the capillary endothelial chemokine CXCL12 increases after myocardial infarction. The chemokine CXCL12, combined with the specific receptor CXCR4 located on the arterial surface, promotes the formation of new blood vessels.



2.2. Spatial information of epicardium and neovascularization

This study revealed the unique ecology of the border region surrounding the injured myocardium following myocardial infarction. There was a clear demarcation between injured and uninjured cells. Furthermore, there were spatial differences in the oxygen supply and demand balance of cardiomyocytes. Epicardial cells undergo multi-layered divisions in different hypoxic environments and participate in the formation of new blood vessels following myocardial infarction. Furthermore, the epicardium promotes neovascularization via the paracrine pathway by contacting spatially adjacent receptor cells (Figure 3) (15).
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FIGURE 3
Paracrine process of epicardial cells: epicardial-derived mesothelial and mesenchymal cell populations secrete vascular chemokines that bind spatially adjacent downstream target cell receptors to promote neovascularization.


In a single-cell spatial transcriptomic study, Hesse et al. simulated myocardial infarction by ligating the left anterior descending artery in mice (16). All cardiac stromal cells were annotated using single-cell sequencing. Simultaneously, RNA in situ hybridization was used to display the spatial information of the different cell populations. They identified three populations of epicardial cells with distinct spatial preferences. Only clusters of epicardial cells expressing Sfrp2, Dkk3, and Pcsk6 were uniformly dispersed in infarct border areas. This confirmed that epicardial cells undergo multi-layered divisions under ischemia and hypoxia, which might be related to the different roles of different epicardial cell clusters in myocardial infarction. Deciphering the spatial distribution of the epicardium helps explain disease development and provides clues for treatment. Studies have shown that adult epicardial cells exposed to chronic hypoxia have developmental characteristics similar to the endothelial-mesenchymal transformation at the embryonic stage. They can differentiate into various cell types and promote coronary angiogenesis in a paracrine manner (66–68). To explore the role of endothelial-mesenchymal transition in the epicardium after myocardial infarction in angiogenesis, single-cell sequencing and RNA multiplex fluorescence in situ hybridization were combined (17). The relationship between epicardial cells and neovascularization has been discussed both cellularly and spatially. Researchers found that epicardial-derived mesothelial and mesenchymal cell populations overexpressed the vascular chemokines Sema3d and Slit2. The expression of these key vascular chemokines gradually increases during the development of epicardium-derived cells (17). Genes expressing different vascular chemokines guided differentiation of epicardium-derived cells into distinct cell populations and were localized and expressed in specific spaces. Researchers believe that the genes encoding vascular chemokines limit the developmental propensity of epicardium-derived cells. By blocking the epicardial endothelial-mesenchymal transition they found that Sema3d and Slit2 are reduced in epicardium-derived cells (17). Previous studies have demonstrated that the blockade of the epicardial endothelial-mesenchymal transition results in incomplete coronary and vascular endothelial development. Studies have confirmed that vascular chemokines and epicardial epithelial-mesenchymal transition promote mutually reinforcing relationships. Furthermore, vascular chemokines and epicardial epithelial-mesenchymal transition mutually promote and restrict each other, thereby promoting angiogenesis. Although the roles of epicardial epithelial-mesenchymal transition and vascular chemokines in coronary angiogenesis have been demonstrated, the ligand-receptor correspondence between vascular chemokines in the paracrine pathway and their downstream targets is not yet known. By constructing a receptor-ligand visualization, Quijada et al. found that the Robo4 receptor-expressing coronary endothelial cell population was mainly located in the Slit2-expressing epicardial mesenchymal cell population (17). Mesothelial cells expressing Sema3d are located on the surface of the heart (17). Epicardium-derived cells can affect coronary angiogenesis through receptor-ligand signaling. This study suggests that the differences of vascular chemokines highlight a complex link between epicardium-derived cells and coronary angiogenesis. Further research on the paracrine cues between changes in the epicardium and new blood vessels after myocardial infarction will provide new ideas for reperfusion therapy after myocardial infarction.




3. Spatial transcriptomics offers clues to therapy for damaged myocardium

Based on the current efforts in single-cell research on coronary artery development and disease, we propose the following new ideas for the treatment of coronary artery disease: 1. Targeting vascular chemokines 2. Induction of mature cardiac cells to reverse differentiation and proliferate to form new blood vessels 3. Induction of myocardial regeneration.

Human induced pluripotent stem cell therapy has shown great potential in experiments and has even been clinically applied (69). Single-cell information has been used to identify the subtypes of human induced pluripotent stem cell-derived endothelial cells to improve the efficiency of stem cell endothelial differentiation (70).

As an emerging molecular technology, spatial transcriptomics plays an important role in treatment of coronary artery disease. The coronary sinus, an adult derivative of the embryonic sinus vein, possesses vascularization ability similar to that of the sinus vein. Furthermore, adult coronary veins and arteries have the same origin during development (71). Based on these arguments, some researchers have hypothesized that adult coronary veins can transform into coronary arteries, and this hypothesis was tested using single-cell spatial transcriptomics. Some gene expression levels are related to cytogenetic changes, especially those of MECOM genes. McCracken et al. found that MECOM maintains coronary identity and argued that increased MECOM expression could drive the transition from veins to arteries. Research on MECOM may provide an effective therapeutic strategy for targeting and promoting angiogenesis (21). Based on the unique spatial properties of paracrine receptor-ligand binding, the study of epicardium regulating coronary artery formation through the paracrine pathway requires the aid of spatial transcriptomic techniques (72). Existing spatial transcriptome studies have confirmed that thymosin β4 plays an important role in promoting coronary vascular development. In order to explore a new method for the treatment of myocardial infarction, Chen et al. used an engineered exosome to continuously and slowly release thymosin β4 in the myocardial infarction area of model mice (73). It was found that thymosin β4 exosomes could significantly increase the level of neovascularization and restore blood supply after myocardial infarction (73). Echocardiographic comparisons also led to an analogous conclusion regarding improved cardiac function (74). A recent study proposed the concept of a cardiac progenitor cell bank to expand the lineage of cells capable of differentiating into cardiomyocytes for cardiac regenerative therapy following myocardial infarction. It is well known that immune inflammatory changes are involved in the coronary artery disease process. Single-cell studies have revealed that subsets of immune cells function differently during the disease course. Immune cells that express inflammatory factors participate in the inflammatory pathological environment, thereby exacerbating disease progression. There are, however, some distinct cell populations, such as a subset of CD8 T cells, that exhibit vasoprotective properties (52, 75). The identification of high number of different immune cells in single-cell omics studies helps to distinguish immune cell populations with cardioprotective effects during coronary artery disease, so as to seek new treatment methods.



4. Outlook and conclusion

Single-cell transcriptome sequencing is a revolutionary technology that has been successfully applied to different organs and tissues of an organism from an unprecedented perspective. Direct spatial transcriptome sequencing compensates for the loss of spatial information in single-cell sequencing and is not only used to verify the results of single-cell sequencing but also makes it possible to study the complex changes of coronary artery lesions in space. The biology of coronary artery disease involves multiple cell types and complex cell-to-cell interactions, and scRNA-seq allows for the detailed study of these multicellular microenvironments. scRNA-seq revealed important molecular mechanisms underlying the origin of coronary artery development and disease progression. Venous sinus cells must differentiate into pre-arterial cells before participating in coronary artery formation. Prdm6 promotes differentiation of cardiac neural crest cells into pericytes through epithelial-mesenchymal transformation by up regulating the expression level of WNT1. Next, pericytes differentiate into coronary smooth muscle cells under the activation of the NOTCH3 signaling pathway to participate in coronary artery formation. Furthermore, endocardial cells are also involved in coronary artery formation during embryonic development. However, current research on coronary artery disease is still identifying changes in gene expression levels in various cells at different stages, and research on various molecular mechanisms is still immature. Therefore, there is insufficient evidence regarding the accuracy of each molecular mechanism in disease progression. In the future, extensive spatial transcriptomic studies should be conducted to compensate for the lack of current molecular mechanistic studies (76). Based on the current findings, single-cell spatial transcriptomic techniques can be uniquely used to investigate the spatially multi-layered compartmentalization of epicardial cells that arises after coronary lesions. It is meaningful to use more spatial transcriptomic technologies to track transcription differences in infarcted hearts in the future. The spatial distribution obtained using this method is helpful for understanding the changes in gene expression related to cardiac remodeling after infarction. However, the challenge is to leverage this new knowledge and translate it into effective treatments to address the major clinical limitations in coronary disease.
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