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Editorial on the Research Topic
Examining genetic and epigenetic regulation in cardiovascular development, regeneration and disease



Heart disease is the leading cause of death worldwide and is associated with significant socio-economic problems. Examining genetic and epigenetic regulation in cardiovascular development, regeneration and disease can explain multifaceted mechanisms responsible for cardiac dysfunction. Targeting these mechanisms is hoped to ameliorate heart diseases by offering appropriate therapeutic solutions. This special issue comprises 9 articles, including 5 original papers and 4 reviews, which cover pivotal areas including atherosclerosis, atrial fibrillation, fibrosis, cardiac remodeling, therapeutic vaccination, non-coding RNA, thrombosis, and hypertrophic cardiomyopathy. Thus, multiple questions are addressed to draw attention to the current knowledge in this field and to open the door for possible future research advancing molecular genetics and epigenetics of cardiac pathologies and related interventions.

As reviewed by Zhao et al. FGF21, a promising cardioprotective factor, has been shown by recent studies to improve cardiac function by playing regulatory roles targeting different heart tissue components, including cardiac myocytes, immune cells, and fibroblasts. These effects occur via modulation of distinct biological mechanisms, including cell death, metabolism, oxidative stress, fibrosis, and inflammatory processes. Thus, FGF21 appears to be a potential protective molecule in the heart. Xue et al. updated the readers on works addressing the roles of non-coding RNA in atrial fibrillation. They discussed the concept of ncRNAs as strong regulators of the occurrence and progression of AF. Iversen et al. described AtheroVax as a peptide vaccine targeting sTNFR2 to inhibit the progression of atherosclerosis. The authors expect this novel vaccine to have a longer duration of action compared to current therapies which require chronic treatment that encounters problems associated with lack of patient compliance. Matta et al. explored potential differences in cardiovascular outcomes in heterozygous familial hypercholesterolemia (HFH) population under medical care with vs. without a causative variant and assessed the association between different gene variants and atherosclerotic cardiovascular disease (ASCVD). It appears that the presence of a causative variant may not represent an independent predictor of adverse cardiovascular outcomes in heterozygous familial hypercholesterolemia (HFH) patients. The elevation of LDL-c level is suggested to remain the strongest independent predictor of ASCVD. Doh et al. discussed various existing and emerging strategies to improve technologies concerning variants of uncertain significance (VUS) and their possible involvement in the pathogenicity of VUS in hypertrophic cardiomyopathy (HCM). The classification of a genetic variant leads to ambiguity in explanation, risk stratification, and clinical setting. Therefore, this review offered information on some basic science methods to help the characterization of VUS in HCM. Kukida et al. manipulated components of the renin angiotensin system in renal proximal tubules to understand if this can alter atherosclerosis in hypercholesterolemic mice. This study found that while whole-body AT1R inhibition reduced atherosclerosis equivalently in the studied male and female mice; PTC-specific manipulation of the RAS pathway did not change hypercholesterolemia-induced atherosclerosis. Wu et al. performed LC–MS/MS analysis to identify proteins with altered ubiquitination in AF tissues. The authors identified significant alterations in ubiquitination between the SR and AF groups. The results characterized alterations that are suggested to modulate the development of AF and may thus provide an effective therapeutic strategy against AF. The study by Nguyen et al. showed a novel mechanism regulating the suppressive effects of L-flow on endothelial cell inflammation, migration, proliferation, apoptosis, and fibrosis via increasing CHK1-induced SENP2 S344 phosphorylation. The findings are considered a good basis for further studies aiming to characterize the potential impact of this mechanism on the cardiovascular system. The study by Natae et al. revealed that the five strongly associated SNPs combined with non-genetic factors may allow the prediction of individual Venous thrombosis (VT) risk susceptibility. These novel findings shed new light on the determinants of VT as one of the three leading problems associated with cardiovascular pathology.

Elucidation of the genetic and epigenetic basis of cardiac disease should pave the way for the identification of new targets and the development of new drugs (1–3). Papers included in this special issue address recent discoveries of mechanisms controlling cardiovascular diseases and discuss their potential to be used in preventive, diagnostic and therapeutic technologies for managing heart dysfunction. Future studies would benefit from using various genetic models and cutting edge molecular and cellular technologies to advance current discoveries by clarifying genetic hubs governing cardiac pathophysiology. We are delighted to have been able to put together in this issue some of the important works reflecting the advances in this field, with much more to come.
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Cardiac remodeling is a basic pathological process that enables the progression of multiple cardiac diseases to heart failure. Fibroblast growth factor 21 is considered a regulator in maintaining energy homeostasis and shows a positive role in preventing damage caused by cardiac diseases. This review mainly summarizes the effects and related mechanisms of fibroblast growth factor 21 on pathological processes associated with cardiac remodeling, based on a variety of cells of myocardial tissue. The possibility of Fibroblast growth factor 21 as a promising treatment for the cardiac remodeling process will also be discussed.
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Introduction

Cardiac remodeling refers to a series of changes in the heart that lead to increased ventricular dilation, cardiac dysfunction, and molecular changes which can be caused by a diminished variety of factors (1), such as myocardial infarction (MI), hypertension, obesity, and valvular heart diseases (2). Numerous kinds of cells, including endothelial cells, immune cells, and fibroblasts, are involved in the remodeling process, which aims to cope with risk factors, reduce myocardial damage and initiate repair processes to fill the damaged area (3). However, cardiac remodeling can also lead to diminishing cardiac contractility and a restricted supply of energy substrates and oxygen, resulting in elevated levels of cardiac fibrosis and hypertrophy (4, 5). Although cardiac remodeling is initially considered an adaptation to restore cardiac function after damage. The unlimited pathological change results in cardiomyocyte disarrangement and dysfunction (6), eventually leading to heart failure (HF), the outcome of cardiac adverse events (7). Accordingly, the use of interventions in the early stages to preserve the structure and cardiac function is necessary to delay the progression and improve patients' quality of life (8).

One potential intervention for cardiac remodeling is the use of fibroblast growth factor 21 (FGF21). FGF21 is initially identified in the liver and subsequently is also found to be expressed in brown adipose tissue, skeletal muscle, and pancreas, where it shows its effects mainly through a paracrine manner (9). While the heart is traditionally viewed as an effector organ of FGF21, studies have also shown that it can produce FGF21 in response to damage. By binding to the receptor fibroblast growth factor receptor (FGFR)1 and cofactors β-klotho, FGF21 activated the downstream genes to play a crucial role in cardioprotection (10). However, a recent study has pointed out that FGF21-FGFR4 signaling promoted cardiac hypertrophy (11).

After damage occurs, cardiomyocytes secrete FGF21 in an autocrine manner and reduced myocardial injury (12). Besides, FGF21 originating from other tissues has been shown to contribute to the limitation of cardiac damage and the reversal of cardiac remodeling. Following MI, the liver played a significant role as a major source of circulating FGF21 levels (13). Additionally, FGF21 derived from brown adipose tissue was found to attenuate adverse cardiac remodeling in mice with hypertension (14). Studies have shown that FGF21 resists cardiac remodeling and the following damage through ways such as promoting autophagy, alleviating inflammation, oxidative stress, and regulating energy metabolism (12, 15–17).

FGF21 has been shown to play a protective role in various cardiovascular diseases including MI, atherosclerosis, and diabetic cardiomyopathy in different studies (18–20), and FGF21 knockout mice tend to present pathological phenotypes (21). Moreover, FGF21 levels predict the prognosis of many heart diseases such as hypertension, dilated cardiomyopathy, and MI (22–24).

Recent studies report that FGF21 is involved in the prevention of cardiac damage. The review examines the mechanisms of FGF21 against cardiac remodeling, providing potential survival benefits through a range of pathways including autophagy, metabolic stability, oxidation, inflammation, and fibrosis. The mechanism by which FGF21 exerts protective effects on the heart are listed in Figure 1. Additionally, this review discusses the potential implications for clinical research on FGF21-related drugs.


[image: Figure 1]
FIGURE 1
The molecular mechanism and effect of FGF21 in protecting against cardiac remodeling. FGF21 regulates multiple signaling pathways to protect against cardiac remodeling. FGF21 inhibited PI3K/Akt/mTOR pathway and upgraded the miR-145 level to enhance the autophagy level. FGF21 promotes CAMKK2-eNOS to elevate the vasomotor capacity and alleviate oxidative stress injury. via activation of FOXO1 and PGC1 α, SIRT1 results in multiple antioxidant proteins and transcription factors associated with oxidative stress levels. NF-kB, as a key transcription factor related to inflammation, under the action of FGF21, is inhibited by SIRT1, ERK1/2. FGF21 attenuates this adverse alteration. Reducing TGF-β/Smad signaling also helps avoid the secretion of large amounts of collagen by fibroblasts which may cause collagen deposition and fibrosis.




FGF21 in autophagy

Cellular autophagy is a process that makes cellular energy reuse by degrading autophagic vesicles containing cytoplasmic material. It is a positive implication for cardiomyocytes in resisting stress (25, 26). Recycling misfolded proteins back as energy substrates reduces the demand of cells for external nutrients, removing mitochondria residuals, toxic metabolic substrates, and reactive oxygen species (ROS) in mitochondrial dysfunction (27).

The activation of autophagy helps to maintain cardiac homeostasis and prevent myocardium hypertrophy. The energy provided by autophagy supports cell survival, helping to maintain the number of cardiomyocytes and preserve cardiac function after stress (28). A study has reported that after MI, autophagy limited cardiac damage by reducing the scar size and holding cardiac function (29). The inhibition of autophagy would lead to pronounced signs of cellular hypertrophy in the myocardium (28). Angiogenesis is beneficial for improving postinfarction collateral perfusion, reducing infarct size, and attenuating the negative effect on contractility of the infarcted area, and autophagy plays a role in initiating angiogenesis (30).

Both mTORC1 and Beclin1 are autophagy-associated molecules, playing key roles in cardiac plasticity (31). As a serine/threonine kinase, mTORC1 acts to inhibit autophagy activity at various levels. By inhibiting the transport of nuclear transcription factor EB(TFEB), mTORC1 reduced the transcription of autophagy related (Atg) genes (32). The phosphorylation of DCP2 induced by mTORC1 made specific Atg mRNA degradation (33). The autophagosome formation discontinued after the phosphorylation of unc-51-like autophagy activating kinase 1 (Ulk1) at Ser757 (34). Beclin1 is another well-known protein in autophagy initiating, regarded as a marker of autophagy activity. By protein interaction, Beclin1 was one of the vital components of the Class III phosphatidylinositol 3-kinase (PI3K)-III complex, which acted as a platform to recruit multiple proteins to form mature autophagosomes (35).

FGF21 in cellular autophagy can be beneficial for attenuating cardiomyocyte damage after stress. As a peroxisome-proliferator-activated receptor agonist, the protective effect of Fenofibrate in the diabetes-induced cardiac remodeling was depended on FGF21- Sirtuin-1 (SIRT1) activated autophagy (17). The lack of FGF21 led to the impairment of autophagy and accumulation of fatty acid, making high-fat-diet mice cardiomyocytes hypertrophy (36).

FGF21 regulated autophagy through different pathways. By increasing TFEB transcriptional activity, FGF21 administration enhanced the autophagy effect and relieved the ischemia-reperfusion (I/R) injury in vascular endothelial cells (37). FGF21 protected against I/R injury, enhancing cell autophagy and reducing inflammation through regulating miR-145, with the upregulation of lc3b (lc3b I/II) and Beclin1 (38). Through KEGG pathway analysis, the PI3K-Akt-mTOR pathway was thought to be associated with FGF21. FGF21 promoted autophagy by inhibiting PI3K-Akt-mTOR transduction (39). Another study proved that FGF21 inhibited atherogenesis by up-regulating autophagy, enabling cholesterol efflux and reducing lipid accumulation in foam cells, this effect was related to the activated rack-1 pathway (18).



FGF21 in energy metabolism

The alteration in energy supply is closely associated with pathological cardiac hypertrophy. They can even precede the appearance of a detectable cardiac hypertrophic result. The shift of substrate metabolism was viewed as an important feature of cardiac hypertrophy (40). Physiologically, cardiac energy was supplied by fatty acids, and approximately 70% ATP was provided by lipid substrates (41). However, cardiac tissue still preserved the ability to use various types of energy substrates including ketone bodies under different conditions, which was known as metabolic flexibility (42). Since deviating in metabolic pathways simultaneously led to cardiac hypofunction and maladaptive hypertrophy, the inhibition of related pathways might restore regular metabolic capacity while attenuating cardiac remodeling.

Cardiac diseases can exhibit diverse metabolic preference profiles. Heart failure relied on glycolysis and lactate for energy, whereas diabetes-induced cardiomyopathy was typically characterized by a dominance of lipid metabolism (43–45). For late-stage patients, the instability of the energy supply directly affected contractile function, and the limited metabolic pathways further interfered with ATP generation, ultimately causing HF (40, 46). Based on a proteomic study, FGF21 was found to restore the levels of pyruvate kinase isozymes M1/M2, which improved the energy supply after I/R injury (47).

FGF21 acted on upstream signals to regulate AMPK(Adenosine 5′-monophosphate -activated protein kinase)/SIRT1/PGC(peroxisome proliferators-activated receptor γ coactivator)-1α pathways. AMPK/SIRT1/PGC-1a was considered a target pathway involved in the regulation of metabolic stability, with its effects including the coordination of ATP levels, modulation of mitochondria function, and lipid metabolism (48–51). CD36 was a fatty acid translocase that can activate the AMPK pathway to accelerate lipid metabolism under fatty acid mediation (52). In FGF21 knockout mice's hearts, there was severe lipid accumulation and CD36 levels upregulation, accompanied by a decrease in phosphorylation levels of AMPK protein and PGC-1α expression, showing that CD36 cannot activate AMPK/SIRT1/PGC-1α pathway without FGF21 presence and thus led to metabolic dysregulation (16, 53). LKB1 was essential for AMPK activation. The inhibition of LKB1 weakened FGF21 promoting effect of mitochondrial function, demonstrating that the benefits of FGF21 promoting mitochondrial synthesis and mitochondrial oxidative capacity required the AMPK/SIRT1/PGC-1α pathways (54).

A study using angiopoietin 2-induced cardiac hypertrophy mice noted that FGF21 treatment increased SIRT1 deacetylation activity, promoted AMPK phosphorylation, and reduced cardiac hypertrophy in a SIRT1-dependent pathway (55). In brown adipose tissue, upon adenosine binding to the surface receptor A2AR, released FGF21 can be upregulated by phosphorylating AMPK and PGC-1 α against cardiac hypertrophy (14). In MI model mice with the activated AMPK/SIRT1/PGC-1α pathway, circulating FGF21 levels were greatly higher even at the early onset and lasted up to a week (56). The ability of the FGF21-AMPK pathway to rapidly respond to early ischemic injury suggested that it may serve as a key to reducing MI injury.



FGF21 in oxidation

ROS-mediated oxidative stress injury contributed to the progression of cardiac remodeling and HF. The balance between various oxidant and antioxidant enzymes, including catalases, glutathione peroxidases, xanthine oxidases, and NADPH oxidase (NOX), generally maintains ROS levels at low levels. In situations of overloading or insufficient blood supply, mitochondrial dysfunction made hearts generate insufficient ATP, increased oxidative stress (57), overproduction of hydrogen peroxide, which ultimately led to cardiomyocyte necrosis, left ventricular dysfunction, and eventually HF (58). The experiment proved that cardiomyocyte apoptosis induced by oxidative stress was one of the reasons for myocardial decompensation (59).

ROS promoted the imbalanced growth of cardiomyocytes through multiple pathways, ultimately causing cardiac hypertrophy and remodeling (60). By directly activating the transcription factor NF-kB, ROS induced the transcription of more pro-hypertrophic genes (61). NADPH oxidase was a major source of superoxide in the cardiovascular system (62). The reaction between excessive superoxide anion and Nitric Oxide (NO) formed the peroxynitrite (ONOO-), decreasing NO bioavailability, causing vasoconstriction, and leading to the early formation of atherosclerotic plaques (63). Animal studies have shown a positive relationship between increased levels of oxidative stress and disease progression in multiple animal models of HF (64–66). Similarly, FGF21 levels were also specifically elevated in patients with poor prognosis HF (67), a coincidence that has led to thoughts about a possible relationship between FGF21 and the effects of oxidative stress.

In cardiomyocytes, FGF21 production was regulated by ROS level in an autocrine manner. High levels of ROS, which were stimulated by calcium ions released from endoplasmic reticulum, triggered a signal transduction pathway known as the unfolding protein response (UPR) which activated several transmembrane sensors, ultimately resulting in elevated FGF21 expression levels (68).

FGF21 treatment improved resistance to oxidative stress by elevating the expression levels of oxidative enzymes such as superoxide dismutase (SOD) and glutathione (69). It also activates nitric oxide synthase (eNOS) to increase NO production and reduce oxidation, guaranteeing the normal contractile function of blood vessels and reducing the adverse effects of peroxides on cells (70).

Studies have shown that FGF21 induced the expression of antioxidant genes. Through the Sirt1-FOXO1 pathway, FGF21 enhanced catalases, SOD2 levels, and the pro-apoptotic protein BIM lessened (55). In the absence of FGF21, SIRT1 effects that induced the levels of uncoupling protein (UCP)3, peroxiredoxin5, glutathione peroxidase1, catalase, and sequestosome1 were abolished (71).

Another study illustrated that recombinant FGF21 activated CaMKK2/AMPKα signaling, enhancing eNOS phosphorylation and reducing oxidative stress responses to ameliorate diabetes-induced aortic endothelial disorders (72).

Via AMPK/PGC1α/SIRT1 signaling, FGF21 led to a rise of nuclear factor erythroid 2–related factor 2 (Nrf2) and downstream antioxidative enzymes activity such as NOX4, UCP2 (73).

For atrial remodeling induced by oxidative stress, FGF21 functioned by regulating the degradation of myofibrils and levels of calpain, a calcium-dependent protease, which helped to maintain cardiac function, improved arrhythmia symptoms, and preserved electrophysiological function (74).



FGF21 in inflammation

The main reason for acute inflammatory responses is cardiomyocyte necrosis in response to various adverse factors. After damage happened, innate immune cells localized in the heart were activated, recognizing endogenous damage-associated molecular patterns, clearing necrotic cells, and releasing proinflammatory factors. Circulating immune cells were then recruited, further infiltrating the damaged area (75). This early inflammatory response was necessary to initiate the repair process, protecting the heart from further damage. However, an uncontrolled chronic inflammatory response can further aggravate cardiac adaption (76).

Chronic inflammation was one of the most important stages in the progression process of cardiac remodeling. Patients with HF have shown significantly elevated levels of proinflammatory cells and chemokines. Inhibition a series of pro-inflammatory chemokines including IL-1 and TNF-α was beneficial for attenuating adverse cardiac remodeling, maintaining cardiac function, and reducing fibrotic area (77, 78).

Proinflammatory cell activation potentiated inflammatory responses through different pathways, and their phenotypic heterogeneity dictated that they played distinct roles in cardiac inflammation.

Despite comprising only 6%–8% of noncardiomyocytes in normal cardiac tissue, cardiac macrophages massively migrated and proliferated in the remote area during the chronic healing process of MI to mediate the onset of distant myocardial remodeling, and high levels of blood-derived macrophages had a strong link to heart failure with reduced ejection fraction (HFrEF), whereas heart confined macrophages might be more involved in post-MI repair (79).

Plasma FGF21 levels were significantly elevated in patients with HFrEF, regardless of the presence of cardiac cachexia. This elevation was independently associated with the inflammatory marker IL-6, suggesting that the inflammatory response was a contributing factor to elevated FGF21 levels (80).

Among peripheral blood leukocytes, FGF21 was highly expressed in monocytes and neutrophils (81). By increasing the expression of GLUT-1, FGF21 upregulated the ability to uptake glucose in activated monocytes, which can be beneficial in immune activation (82). FGF21 played a crucial role in aiding in clearing damaged cell remnants in phagosomes, resulting from the upregulation of NOX2 transcription and expression (81).

In addition to reducing infiltration of circulating immune cells, FGF21 shifted innate macrophages towards the anti-inflammatory M2 subtype rather than pro-inflammatory (83). FGF21 negatively regulated the early formation of atherosclerotic plaques by preventing the transformation of macrophages into foam cells and reducing macrophage migration by inhibiting the NF-kB signaling pathway (84).

CD4 + Th17 cells were thought to be directly involved in the progression of adverse remodeling from hypertrophy to HF in the situation of pressure overload (85). FGF21 regulated STAT3/RORγ phosphorylation and pro-T-cell expansion IL-23 levels, reducing splenic Th17 cell differentiation and proliferation, and ultimately downregulating the levels of pro-inflammatory factor IL-17, thereby alleviating arthritis in mice (86). This suggests that FGF21 can induce inflammation by downregulating T cells through the regulation of the Th17-IL-17 axis.

Multiple studies have demonstrated hemagglutination propensity, platelet activation, and levels of associated adhesion molecules all increase in HF patients (87). After activation and adhesion to the capillary wall, platelets secreted a variety of pro-inflammatory factors, promoted macrophage infiltration, and regulated precursor cell to foam cell transformation, ultimately leading to small vessel endothelial thickening and sclerotic plaque formation of large vessels. Agglutination of platelets following an acute cardiac event further enhanced microvascular obstruction and potentiated the inflammatory response (88).

To reduce reperfusion injury after MI, antiplatelet and antithrombotic drugs are routinely used in the clinic (89). FGF21 reduced factor VII expression which was a hallmark of the extrinsic coagulation pathway. Variations in the fluorescence intensity levels of platelet surface markers proved that FGF21 inhibited platelet activation, reducing hemagglutination. By regulating the ERK1/2 and TGF(Transforming Growth Factor)-β/Smad2 pathway, FGF21 promoted the expression of tPA and suppressed the expression of PAI, so that fibrinolysis was activated without bleeding risk (90).

FGF21 presented anti-inflammatory properties by modulating the balance between pro-inflammation and anti-inflammation factors. The administration of FGF21 led to a downregulation of several pro-inflammatory factors and increased the expression of anti-inflammatory cytokines over a long period (83). Another in vitro experiment pointed out that this kind of action of FGF21 was related to IL-10 in the ERK1/2 pathway (15). Additionally, FGF21 alleviated inflammation in vascular endothelial cells through SIRT1-mediated NF-kB deacetylation (91). Figure 2 summarizes the roles of FGF21 in different cells of myocardial tissue.
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FIGURE 2
The cellular mechanisms by which FGF21 confers cardioprotection in cardiac tissue. FGF21 modulates cardiomyocyte energy metabolism and autophagy and improves oxidative stress damage. FGF21 can mediate macrophage polarization to the anti-inflammatory subtype and regulate cytokine levels to alleviate inflammatory responses. FGF21 upregulates phagocytosis to eliminate damaged remnants. The inhibition of fibroblast reduces collagen deposition of the extracellular matrix and ameliorates cardiac fibrosis by FGF21. FGF21 also downregulates hemagglutination by reducing platelet activation. Blue arrow, upregulation; red arrow, downregulation. ECM, extracellular matrix.




FGF21 in cardiac fibrosis

Fibrosis is considered as a crucial process in heart remodeling. After encountering pressure, fibroblasts secreted a large number of collagen fibers to the interstitium, and this excessive fiber deposition triggered the disarrangement of cardiomyocytes (92). The hypertension phenotype presented an increased wall/lumen ratio in resistance arteries, which was related to the activation and decomposition of collagens and other extracellular matrix components (ECM) components (93). After MI, fibroblast activation resulted in the deposition of collagen to form a scar, which helped to ensure the intactness of residual myocardial tissue and avoided serious consequences such as cardiac rupture (4, 94). During the post-infarction repair period, the distal area of the myocardium without infarction had massive fibrin deposition, leading to interstitial remodeling, reducing cardiac compliance, and promoting ventricular diastolic dysfunction development (95).

By using an efficient carrier, FGF21 administration attenuated cardiac fibrosis, resulting in decreased mRNA levels of cardiac hypertrophy and fibrosis markers in diabetic cardiomyopathy mice (96). FGF21 released from brown adipose tissue ameliorated cardiac fibrosis and hypertension-induced myocardial remodeling (14). In vitro experiments showed that FGF21 significantly decreased myofibroblast markers α-SMA and ACTA2 mRNA levels, suggesting that FGF21 was related to attenuating cardiac fibrosis (14, 97). The administration of the homolog of FGF21, LY2405319 in mice with liver fibrosis, reduced the levels of type 1 collagen and α-SMA in tissue, resulting from inhibiting the succinate- G-protein coupled receptor 91 pathway (98).

TGFβ is one of the key factors leading to cardiac remodeling, accelerating fibroblast proliferation, and inducing accumulation of ECM components, which led to impaired cardiac function (99). FGF21 treatment attenuated the fibrotic phenotype by upregulating the transcription factor EGR1 (100). FGF21 also decreased collagen synthesis in MI mice through TGF-β1/Smad2/3-MMP (metalloproteinase)2/9 signaling (101). FGF21 downregulated MMP9 levels through NF-kB [Z.-C (102)]. Through the FGFR1/Syk/NLRP3 inflammasome pathway, FGF21 restrained the proliferation and migration of vascular smooth muscle cells and neointimal hyperplasia, marked by increasing in PCNA, cyclin D1 and MMP9 (103).

Galectin(Gal)-3 is mainly secreted by macrophages in the heart, released into the cytoplasmic matrix in association with collagen receptor action. It can promote macrophage migration, cardiac fibroblast proliferation, and collagen deposition in the matrix, leading to reduced ejection fraction (104). FGF21 regulated Gal-3 levels in H9c2 cells in a dose-dependent manner and ECM-related proteins (fibronectin, collagen I) levels were also decreased under FGF21 treatment (105). This suggested that FGF21 may play a protective role in the heart by reducing the level of cardiac fibrosis through downregulating Gal-3 levels. However, due to the inadequacy of the available evidence, more studies are still needed to further determine the relationship between FGF21 and Gal-3.



Clinical application and prospects

FGF21, as a metabolically associated protective factor, has been shown to have potential clinical applications in various diseases. Elevated serum levels of FGF21 have been observed in response to stress stimuli and have been associated with a higher risk of morbidity and poor prognosis in multiple diseases. One analysis indicated that FGF21 levels were useful in predicting the severity and prognostic risk in patients with community-acquired pneumonia (106). Clinical studies have also shown that FGF21 is useful in predicting HF (107–110). Serum FGF21 levels were higher under acute insufficient sleep conditions when adipose tissue FGF21 promoter region was methylated (111).

Due to the short half-life and susceptibility to plasma proteases, FGF21 was difficult to use in clinical practice. Therefore, diverse chemical modifications have been used to increase its stability and applicability (112). Current clinical studies targeting FGF21 mainly focus on its ameliorative effects on metabolic diseases. The use of fibroblast activation protein inhibitors, BR103354, successfully elevates FGF21 levels in cynomolgus monkeys (113). Treatment of nonalcoholic fatty liver disease using bms-986036, a PEGylated FGF21 analog, resulting in a considerable decrease in liver fat and fibrosis in patients after 16 weeks of treatment, with very limited adverse effects (114).

Preclinical pharmacological studies have extensively validated the protective effects of FGF21 in damaged hearts. AMPK-FGF21 helped regulate the survival of cardiomyocytes under ischemic conditions after MI (56). FGF21 ameliorated atrial fibrillation and tachycardia by reducing excessive fibrosis (74). FGF21 has been shown to improve post-infarction arrhythmias and preserve electrophysiological function through mediating cardiac sodium current and inward rectifier potassium current (115). By improving FGFR1 phosphorylation, long-term FGF21 administration helped to alleviate high-fat-diet-induced left heart dysfunction and restored FGF21 sensitivity (116). In alcoholic cardiomyopathy, FGF21 improved adverse effects related to dysfunctional mitochondria by mediating autophagic pathways (117). However, a recent study reported that FGF21-FGFR4 signaling upregulated the activity of ERK1/2, enhancing diabetes mouse concentric cardiac hypertrophy and adverse cardiac remodeling (11). The FGF21 analog shows promise as a candidate for the diagnosis and therapy of cardiac diseases, but further investigation is needed to support its use in the future.



Conclusion

The review mainly expounds on the possibility that FGF21, as a promising cardioprotective factor, improves cardiac function and ultimately retarding the progress of cardiac diseases. The actions of FGF21 for the heart are extensive. On the one hand, FGF21 has a regulatory effect targeted to different populations of cardiac tissue, including cardiomyocytes, immune cells, and fibroblasts. On the other hand, by acting on AMPK/SIRT1/PGC-1α, PI3K-Akt, ERK1/2, and TGF-β/Smad2 to mediate vital mechanisms, including autophagy, energy metabolism, oxidative stress, inflammation, and fibrosis, it is verified that FGF21 acts as a possible cardiac protective molecule. Therefore, the next steps in the development of relevant studies on targeted therapy of FGF21 in cardiac remodeling will be promising directions.
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Atrial fibrillation (AF) is a common arrhythmia in clinic, and its incidence is increasing year by year. In today's increasingly prevalent society, ageing poses a huge challenge to global healthcare systems. AF not only affects patients' quality of life, but also causes thrombosis, heart failure and other complications in severe cases. Although there are some measures for the diagnosis and treatment of AF, specific serum markers and targeted therapy are still lacking. In recent years, ncRNAs have become a hot topic in cardiovascular disease research. These ncRNAs are not only involved in the occurrence and development of AF, but also in pathophysiological processes such as myocardial infarction and atherosclerosis, and are potential biomarkers of cardiovascular diseases. We believe that the understanding of the pathophysiological mechanism of AF and the study of diagnosis and treatment targets can form a more systematic diagnosis and treatment framework of AF and provide convenience for individuals with AF and the society.
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1. Introduction

Atrial fibrillation (AF) is a common arrhythmias in clinic, with a high risk of death, stroke, and peripheral embolism, and its incidence has been increasing year by year. Risk factors for AF are closely related to cardiovascular disease, with organic or functional heart problems being more common. In addition, age, gender and genetic factors are also important factors leading to the occurrence of AF (1, 2). AF not only affects life quality of the patients, but also has complications such as thrombosis and heart failure in severe cases. Atrial remodeling is considered to be the basis of the occurrence and development of AF, including structural remodeling, electrical remodeling, neural remodeling, etc (3–5). The diagnosis of AF mainly depends on electrocardiogram findings, which are often found after complications occur, and there is a certain lag (6). Therefore, biomarkers have potential value in the early diagnosis of AF. Currently, drug therapy for AF patients has poor efficacy and side effects. Radiofrequency ablation is more effective than drug therapy, but the patients are yet able to avoid the operational risks, postoperative recurrence, and high healthcare cost (7–9). Actively searching for new diagnosis and treatment strategies and exploring the molecular mechanism of AF have great clinical significance and translational prospects.

In recent years, non-coding RNA (ncRNA) has become a research hotspot in cardiovascular diseases. ncRNA mainly includes miRNA, LncRNA and CircRNA. These ncRNAs can not only participate in the occurrence and development of AF, but also play a part in the pathophysiological processes such as myocardial infarction and atherosclerosis, which are potential biomarkers for cardiovascular diseases (10). This article reviews the pathophysiological mechanism of AF, introduces the mechanism and potential value of ncRNAs in AF, and provides a theoretical basis for the diagnosis, treatment and prognosis monitoring of AF (Figure 1, Tables 1, 2).
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FIGURE 1
The schematic highlights ncRNAs associated with myocardial electrical remodeling, fibrosis, neurohormone disorders, and exosomes, while including plasma markers associated with AF diagnosis and prognotic monitoring.



TABLE 1 ncRNAs involved in the pathophysiology of AF.
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TABLE 2 Potential biomarker of ncRNAs for AF.
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2. Pathophysiology of AF

AF can be classified as paroxysmal, persistent and permanent according to the duration of the attack. The pathogenesis of AF involves a variety of factors, mainly including electrical remodeling, structural remodeling, and neurohormonal disorders. These mechanisms lead to the development and maintenance of AF (83, 84). Although the pathogenesis of AF is complex, it is mainly related to electrical remodeling and structural remodeling. Existing studies suggest that ncRNAs play an important role in its occurrence and development (Table 1) (85–87).



3. miRNAs involved in the diagnosis and prognostic monitoring of AF

The early symptoms of AF are not obvious, the main clinical manifestations are palpitation, dyspnea and dizziness, which are easy to be ignored by patients, and routine electrocardiogram is difficult to monitor, so the diagnosis is often missed (88, 89). At present, BNP and troponin are the main clinical biomarkers for the diagnosis of cardiovascular diseases, but they are mainly used for the diagnosis of heart failure and myocardial infarction, and have no significant significance for the diagnosis of AF. In recent years, the research on ncRNA has become increasingly in-depth. The differential expression of ncRNAs in cardiac tissue and blood of patients with AF may become auxiliary diagnostic biomarkers for AF (Table 2) (90, 91).

Risk stratification of subsequent cardiovascular events in patients with AF helps guide prevention strategies. Nossent AY et al. analyzed differentially expressed miRNAs in 26 patients using sequencing technology, and screened out one miR-411-5p in combination with clinical prognosis as a potential valuable prognostic biomarker for patients with AF (69). Recurrent AF after catheter ablation seriously affected the prognosis of patients. Therefore, Garcia-Seara J et al. recruited 42 patients with AF for catheter ablation. The analysis measured the expression of 84 miRNAs in both non-relapsed and relapsed groups, the results showed that miRNA-451a was down-regulated in relapsed patients, and the recurrence of AF was positively correlated with an increased percentage of scars. It is suggested that low expression of miR-451a may play an important role in the recurrence of AF by controlling fibrosis and progression (70). Akselrod AS et al. found that plasma miR-320a-3p level in patients with AF was higher than that in healthy controls, and the expression level was positively correlated with CHADS-VASc score (28). Sasano T et al. identified 11 candidate miRNAs using high-throughput sequencing and clinical sample validation, and found that miR-214-3p and miR-342-5p had high accuracy in the diagnosis of patients with AF combined with clinicpathological parameter analysis (71). Yang et al. observed genome-wide differential expression profiles of miRNAs in 180 peripheral blood samples and found 14 miRNAs with significant differential expression, among which miR-1266, miR-4279 and miR-4666a-3p were significantly increased in expression, which are potential targets for future diagnosis and treatment of AF (72). About one-third of patients undergoing coronary artery bypass grafting will develop postoperative AF, which seriously affects the prognosis of patients. In order to monitor the occurrence of postoperative AF, Athanasiou et al. prospectively recruited 34 patients after surgery, and compared the myocardial tissue with normal sinus rhythm after surgery, and found 16 differentially expressed miRNAs. The expression of miR-208a was significantly decreased, and the expression of miR-483-5p was significantly increased. It is suggested that these differentially expressed miRNAs can be used to predict the recurrence of AF after coronary artery bypass grafting (73). Kilic et al. recruited 63 patients after coronary artery bypass grafting and monitored their heart rate until discharge. Among them, 20 patients developed postoperative AF, and PCR detected the expression of miR-199a and miR-195. The results showed that the expression of miR-199a significantly decreased in the postoperative AF group, demonstrate its effectiveness as a biomarker for cardiac surgery management (74). By Solexa sequencing 100 patients with AF who underwent catheter ablation and 100 healthy individuals, Wu et al. found that miR-409-3p and miR-432 were significantly reduced in the plasma of patients with AF and are potential markers of AF (75). Xia et al. showed for the first time that plasma miRNA-150 levels in patients with atrial fibrillation are significantly lower than those in healthy individuals, which is a potential biomarker to aid in the diagnosis of atrial fibrillation (76). These studies indicate that miRNAs differentially expressed in plasma of patients with AF and postoperative patients can play an important indicator role in the diagnosis and prognosis monitoring of AF.



4. miRNAs involved in the regulation of electrical remodeling

Electrical remodeling of atrial muscle is closely related to the occurrence of AF. Electrical remodeling refers to recurrent episodes of AF or continuous atrial stimulation, which leads to progressive shortening of the effective refractory period of the atrium, and the decrease, reversal or disappearance of the physiological frequency adaptation of the atrial refractory period, making AF more likely to be induced and sustained (87, 92). AF is caused by abnormal electrical activity of atrial myocardium. During the occurrence of AF, many ion channels also have significant changes, mainly including: L-type Ca2+ channel, transient outward K+ channel, strong inward rectification K+ channel (IK1), acetylcholine-activated K+ channel (IK, ACh), and ultra-fast delayed rectification K+ channel (IKur) (93, 94).

Yang et al. found that the expression of miR-328 was increased in the atrial tissue of AF mouse models, and the high expression of miR-328 could reduce the L-type Ca2+ current and shorten the duration of atrial action potential. Mechanism studies have confirmed that CACNA1C and CACNB1 are the target genes of miR-328, and miR-328 can interact with L-type Ca2+ channel protein subunits to participate in atrial electroremodeling in AF (51). Nattel et al. found that the expression of miR-26 was down-regulated in the atrial tissues of AF patients, and low-expressed miR-26 was a potential regulatory gene for the electrophysiological effects of Ca2+ dependent nuclear factor of activated T cells (NFAT) signaling pathway, and an important participant in the persistence of AF (49). Ricardo et al. found that the high expression of miR-21 in cardiomyocytes of patients with AF was negatively correlated with the expression of CACNA1C and the density of I (Ca, L), suggesting that miR-21 may be involved in the downregulation of L-type Ca2+ I (Ca, L) induced by chronic AF, and is the key to the persistence of AF (95). Similarly, Qiu et al. found that CACNA1C is a direct target gene of miR-29a-3p, and miR-29a-3p negatively regulates CACNA1C. miR-29a-3p may be a potential target for AF treatment (41). Lee et al. found that miR-499 was significantly upregulated in AF, resulting in downregulation of small conductance calcium-activated potassium channel 3 (SK3), which may contribute to electrical remodeling of AF and is a novel site associated with the onset of AF (52). Katsushige et al. used high-throughput sequencing analysis to find that miR-30d was significantly up-regulated in myocardial cells of AF patients, and functional enrichment analysis found that miR-30d was a candidate gene for ion channel remodeling. Interference with miR-30d down-regulated the expression of kcnj3/Kir3.1, accompanied by a decrease in the acetylcholine-sensitive internal rectification K+ current (IK.ACh) (43). Barbara et al. found that miR-221 reduced the abundance and function of L-type Ca2+ channels and Kcnj5 channels. MiR-221 can regulate L-type Ca2+ channels and Kcnj5 channels, thus potentially contributing to the generation and propagation of cardiac excitation (50).



5. miRNAs involved in the regulation of structural remodeling

Electrical remodeling is the pathological change in the initial stage of AF, while structural remodeling is the material basis for the long-term maintenance of AF, and it is also the most obvious change of atrium (96, 97). Atrial dilatation and fibrosis are the main features of structural remodeling in AF. Atrial fibrosis may lead to slowing of conduction velocity, conduction block to promote reentry and increase susceptibility to AF (98).

Studies have shown that connective tissue growth factor (CTGF) plays an important role in the process of fibrosis. Zhang et al. found that the expression of miR-132 decreased in AF cardiomyocytes. Luciferase assay confirmed that miR-132 could bind to the 3 ‘-untranslated region of CTGF, thereby inhibiting the expression of CTGF and regulating the fibrosis of cardiac fibroblasts (46). Yang et al. found that overexpression of miR-10a significantly prolonged the duration of AF and decreased Smad7 protein expression. TGF-β1 reversed the inhibitory effect of miR-10a on Smad7, alleviated atrial remodeling, and ultimately inhibited cardiac fibrosis (35). Similarly, Xu et al. found that miR-29b-3p could reduce the degree of atrial fibrosis, and high expression of miR-29b-3p could reduce the expression of fibrosis markers collagen- I and a-SMA, and increase the protein expression of Cx43, thus reversing atrial remodeling (29). Studies have shown that the expression of miR-205-5p is decreased in atrial tissues of patients with AF, and overexpression of miR-205-5p can reduce the expression of TGF-β1, α-SMA, Col III and other fibrosis-related proteins. Mechanism studies have shown that miR-205-5p regulates H3 histone methylation by targeting EHMT2, promotes IGFBP3 expression, and further affects atrial myocyte fibrosis (11). The study found that the expression of miR-29b was low in the atrial tissue of AF rats, overexpression miR-29b can reduce atrial fibrosis, reduce the expression of COL1A1, COL3A1 and TGFβ1, and shorten the duration of AF in rats (14). In addition, the expression of miR-135b was down-regulated in AF tissues, while the expression of miR-135b target genes TGFBR1 and TGFBR2 was up-regulated in myocardial fibroblasts. Quercetin can promote miR-135b expression, inhibit TGF-β/Smads pathway, reduce atrial tissue fibrosis and collagen deposition, and thus relieve AF (19). Xu et al. found that miR-101a-3p may prevent AF in rats by targeting EZH2 to inhibit collagen synthesis and atrial fibrosis, which provides a potential target for the prevention of AF (22). miR-1202 was found to negatively regulate atrial fibrosis by targeting nNOS by reducing cell differentiation, collagen deposition, and TGF-β1/Smad2/3 pathway activity (23). Overexpression of miR-133a can inhibit the proliferation and migration of atrial cells, reduce the expression of fibrosis markers and CTGF protein, and improve myocardial fibrosis (24).



6. miRNAs involved in the regulation of neurohormonal disorders

Autonomic dysfunction is a type of dysfunction that occurs when the balance between sympathetic and parasympathetic nerves is disrupted. cardiac autonomic nerve remodeling (ANR) refers to the changes in the distribution density and spatial arrangement of the autonomic nerve caused by some diseases of the heart (99–102).

Studies have shown that the contents of tetrahydrobioterin (BH4) and NO are related to nerve regeneration. GCH1 is the rate-limiting enzyme of BH4 synthesis. Hou et al. found that the expression of miR-206 was increased in atrial fibrillation myocarde. High expression of miR-206 could inhibit GCH1, thus affecting the content of BH4 and NO in myocarde (103). In a similar study, miR-206 expression was increased in the the left superior ganglionated plexus (SLGPs). High expression of miR-206 inhibited the expression of superoxide dismutase 1 (SOD1) and increased the levels of reactive oxygen species (ROS) in vitro and in vivo, further exacerbating ANR (45). miR-662 can also regulate the expression of neuropeptides and participate in the occurrence and development of AF after myocardial infarction (17). It was found that the levels of miR-155-5p and miR-24-3p were significantly decreased and the levels of eNOS and NO were increased in patients with AF after ablation compared with those who did not receive ablation therapy (36). Casadei B et al. found that atrial specific upregulation of miR-31 in AF resulted in inhibition of muscular dystrophin (DYS) translation and accelerated degradation of nNOS mRNA, leading to significant reductions in atrial DYS and nNOS protein content and nitric oxide availability. Inhibition of miR-31 restores DYS and nNOS in human AF and normalizes APD and rate dependence of APD (42).



7. ncRNAs and AF-beyond miRNAs

With the increase of studies on ncRNAs in AF, lncRNAs and circRNAs play an increasingly significant role in AF. Therefore, in addition to miRNAs, this manuscript also discussed the current research content of other ncRNAs in AF.

CHA 2 ds2-VASc score was originally used to stratify stroke risk in patients with AF, in order to study whether lncRNAs could improve the predictive ability of CHA 2 ds2-VASc score for stroke. Li et al. added the ability of lncRNA expression level to predict stroke in CHA 2 ds2-VASc scoring model. The results showed that lncRNA H19 plasma expression level was correlated with the risk of stroke in patients with AF, which could significantly improve the ability to predict the risk of stroke in patients with AF, and was a potential prognostic monitoring marker (77). LncRNA GAS5 is significantly down-regulated in the plasma of patients with AF, which is a potential biomarker for the diagnosis and prognosis monitoring of AF (78). Similar studies have found that has_circ_0006314 and hsa_circ_0055387 also have potential predictive value for postoperative AF (79). Fan et al. used GEO database to screen out two different circRNAs. The expression of hsa_circ_0070391 in plasma was up-regulated and hsa_circ_0003935 down-regulated. The area under ROC curve indicated that both of them had high diagnostic efficiency (80). Wang et al. examined plasma circ 8196-RYR2 levels in 136 patients following ablation of AF, suggesting that circ 8196-RYR2 could be used as a new predictor of late recurrence after surgical ablation (81). Another study also show that low expression of circRNA_2773 is a potential diagnostic marker for AF (82).

AF is often accompanied by excessive proliferation of cardiac fibroblasts (CFs). It was found that the expression of HOTAIR was increased in the myocardium of patients with AF, and Ang II significantly increased the activity of atrial fibroblasts. HOTAIR knockdown can significantly inhibit AF cardiac tissue fibrosis by regulating Wnt signaling pathway (9). Knocking down LINC01013 reduced baseline expression of fibrosis markers and their response to TGF-β1. TGF-β1 stimulated atrial fibroblasts to induce the expression of LINC01013, and its knockdown reduced the activation of fibroblasts (56). Plasma H19 levels were significantly higher in patients with AF compared with healthy volunteers. Upregulation of H19 expression contributes to the proliferation and synthesis of extracellular matrix (ECM) related proteins, thereby promoting myocardial fibrosis (53). It was found that the serum TUG1 level was elevated and the expression of miR-29b-3p was low in patients with AF. Pearson correlation analysis showed that TUG1 was negatively correlated with miR-29b-3p expression in AF patients. TUG1 knockdown inhibits vascular endothelium-induced cardiomyocyte proliferation (57). NEAT1 expression was up-regulated in atrial tissues of patients with AF, and was positively correlated with the expression of type I collagen (coll I) and type III collagen (coll III). In addition, the loss of NEAT1 attenuates angiotensin II (Ang II), leading to atrial fibroblast proliferation, migration, and collagen production. These findings suggest that NEAT1 plays an important role in atrial fibrosis and is a new potential molecular target for the treatment of AF (54). In AF patients, LICPAR and TGF-β1 expression were up-regulated and positively correlated. Further analysis showed that Ang II increased LIPCAR, Smad2/3 phosphorylation, and α-smooth muscle actin (α-SMA) levels. Up-regulation of LIPCAR could further promote the promoting effects of Ang II on the phosphorylation levels of LIPCAR, Collagen I, Collagen II, α-SMA and Smad2/3, cell viability and proliferation of atrial fibroblasts. These studies suggest that lncRNA LICPAR regulates atrial fibrosis primarily by regulating the TGF-β/Smad pathway (55). Studies found that down-regulation of lncRNA MIAT could significantly relieve AF, increase atrial effective refractory period (AERP), inhibit the expression of fibrosis-related genes coll I, coll III, CTGF, TGF-β1, and effectively reduce AF induced atrial fibrosis (61). PCAT-1 expression was increased in AF patients. PCAT-1 knockdown inhibited the proliferation of AC16 cells. Mechanism studies showed that TGF-β1 was the target of PCAT-1, and its expression in AF tissues was positively correlated with that of PCAT-1. PCAT-1 can promote the proliferation of AF cells by promoting TGF-β1 (58). The expression of GAS5 in myocardium of AF patients was significantly decreased. Overexpression of GAS5 can inhibit the growth of AC16 cells. In addition, further experiments showed that ALK5 was the target of GAS5, and its expression in AF tissue was negatively correlated with that of GAS5. lncRNA GAS5 may inhibit AF cell fibrosis by inhibiting ALK5 (60). The expression of PVT1 in AF patients was increased and positive for coll I and coll III. Overexpression of PVT1 promoted Ang-II-induced atrial fibroblast proliferation, collagen generation, and TGF-β1/Smad signaling activation, while PVT1 knockdown did the opposite. Mechanically, PVT1 acts as a sponge for miR-128-3p and promotes Sp1 expression, thereby activating the TGF-β1/Smad signaling pathway (62).

Hou et al. found that lncRNA TCONS_00075467 may also participate in atrial myocardial electrical remodeling. Interference with TCONS_00075467 can shorten the effective refractory period of the atria in vivo and reduce the duration of L-type calcium current and action potential in vitro (104). Similarly, lncRNA TCONS-00106987 is up-regulated in atrial tissue of patients with AF. Mechanism studies have shown that TCONS_00106987 induces the transcription of its target gene KCNJ2 through miR-26, and increases the inward rectification K+ current (IK1). Thus facilitating electrical reconfiguration (59). Studies have shown that interference with lncRNA AK055347 can inhibit the activity of cardiomyocytes, accompanied by the downregulation of Cyp450 and ATP synthase. Mechanism studies have confirmed that AK055347 may regulate the mitochondrial energy production by regulating Cyp450, ATP synthase and MSS51, thus participating in the pathogenesis of AF (64).



8. Exosome-associated ncRNAs involved in the regulation of AF

In recent years, it has been found that exosome-derived ncRNAs have different expression profiles in various diseases and are a potential non-invasive diagnostic biomarker, which has been widely studied in the medical field. Similarly, exosomes can also be detected in body fluids of patients with atrial fibrillation, and the non-coding RNA carried by them is of great significance for auxiliary diagnosis and prognostic monitoring of AF (105, 106).

Wei et al. demonstrated differences in the expression of miRNAs in plasma exosomes in patients with AF. Among them, miR-92b-3p, miR-1306-5p and miR-let-7b-3p had significant differences, and gene enrichment analysis showed that these miRNAs and target genes were mainly involved in the occurrence of AF through affecting biological processes such as energy metabolism, lipid metabolism, inflammation and enzyme activity (107). Similar studies have found that miR-483-5p, miR-142-5p and miR-223-3p are also involved in the occurrence and development of AF (108). Joung et al. found that exosomes in the peripheral blood of patients with atrial fibrillation can reduce cardiomyocyte viability, lead to abnormal Ca2+ channel and induce reactive oxygen species (ROS) production. High-throughput sequencing found that miR-30a-5p expression was decreased in peripheral blood exosomes of patients with AF, and exosomes with high expression of miR-30a-5p could attenuate pacemaker induced Ca2+ channel abnormalities (109). Hou et al. screened the differential miRNAs of peripheral blood and exosomes in 40 patients with AF, and found that miR-124-3p was significantly up-regulated, and the high expression of miR-124-3p could improve the viability and proliferation ability of myocardial fibroblasts. Mechanism studies have shown that miR-124-3p can promote the activation and proliferation of fibroblasts through AXIN1 by regulating the WNT/β-catenin signaling pathway (110). Similarly, Exosomal lncRNAs are also potential biomarkers for AF. Joung et al. identified 26 differentially expressed lncrnas in serum exosomes from patients with persistent AF. lncRNAs LOC105377989 and LOC107986997 continued to increase, has significant diagnostic effectiveness for AF, and is a potential biomarker for the diagnosis of AF (106). Lei et al. using GEO database, LINC00636 was found to be an antifibrotic molecule with decreased expression in peripheral blood exosomes of patients with AF. Mechanism studies have shown that LINC00636 can promote the expression of miR-450a-2-3p, thereby inhibiting the expression of MAPK1, and thereby improve cardiac fibrosis in patients with AF (111).



9. Conclusions

In recent years, with the deepening of research, ncRNAs play an important role in the occurrence and development of AF. Differential expression of ncRNAs in peripheral blood of patients with AF provides a new theoretical basis for auxiliary diagnosis of AF. At the same time, ncRNAs are involved in myocardial cell remodeling and ion channel remodeling, providing a new scheme for the treatment of AF.

This manuscript reviews the research progress of ncRNAs in the occurrence, treatment and potential biomarkers of AF. According to the existing studies, we can find that ncRNAs are closely related to AF and involved in the occurrence and progression of AF, which is worthy of further study and has great clinical significance.
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The burden of atherosclerotic cardiovascular disease contributes to a large proportion of morbidity and mortality, globally. Vaccination against atherosclerosis has been proposed for over 20 years targeting different mediators of atherothrombosis; however, these have not been adequately evaluated in human clinical trials to assess safety and efficacy. Inflammation is a driver of atherosclerosis, but inflammatory mediators are essential components of the immune response. Only pathogenic forms of sTNFR2 are acted upon while preserving the membrane-bound (wild-type) TNFR2 contributions to a non-pathogenic immune response. We hypothesize that the inhibition of sTNRF2 will be more specific and offer long-term treatment options. Here we describe pre-clinical findings of an sTNFR2-targeting peptide vaccine (AtheroVax™) in a mouse model. The multiple pathways to synthesis of the soluble TNFRII receptor (sTNFRII) were identified as sTNFRII(PC), sTNFRII(Δ7), and sTNFRII(Δ7,9). The sTNFRII(Δ7) peptide, NH2-DFALPVEKPLCLQR-COOH is specific to sTNFR2 based on an mRNA splice-variant in which exon 6 is joined to exon 8. The role of sTNFRII(Δ7) as a mediator of prolonged TNFα activity by preventing degradation and clearance was investigated. Inflammation is a critical driver of onset, progression and expansion of atherosclerosis. The TNFα ligand represents a driver of inflammation that is mediated by a splice variant of TNFR2, referred to as sTNFRII(Δ7). The multiple forms of TNFRII, both membrane bound and soluble, are associated with distinctly different phenotypes. sTNFRII(PC) and sTNFRII(Δ7) are not equivalent to etanercept because they lack a clearance mechanism. The unique peptide associated with sTNFRII(Δ7) contains a linear B-cell epitope with amino acids from both exon 6 and exon 8 supporting the vaccine design. Animal studies to evaluate the vaccine are ongoing, and results will be forthcoming. We describe a peptide vaccine targeting sTNFR2 in limiting the progression of atherosclerosis. A therapeutic vaccine limiting the progression of atherosclerosis will greatly contribute to the reduction in morbidity and mortality from cardiovascular disease. It is likely the vaccine will be used in combination with the current standards of care and lifestyle modifications.
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1. Introduction

A therapeutic atherosclerosis vaccine with the objective to prevent or reduce development and progression of atherosclerosis has the potential to reduce incidence of heart attack and stroke. Atherosclerosis is characterized by lipid-rich plaques in large and medium-sized arteries that appear to originate from a chronic inflammatory response. The progressive plaque growth, plaque rupture or erosion with subsequent thrombus formation can lead to arterial occlusion and cardiovascular disease (CVD). The approach to a therapeutic atherosclerosis vaccine is to target are reduce levels of molecules that contribute to the development and progression of atherosclerosis.

Current measures to prevent and treat CVD include cholesterol-lowering, antiarrhythmic, and antihypertensive drugs which coupled with bypass surgery and percutaneous interventions have significantly reduced CVD mortality. Emerging vaccines offer a new dimension in the treatment of CVD. Promising preclinical studies with vaccines targeting PCSK9 (1) and oxidized LDL (2) reveal reduced atherosclerotic plaque formation in animal models. The results support the need for broader research and evaluation of vaccine safety and efficacy in humans. Finally, even if a therapeutic atherosclerosis vaccine is developed, it will likely be used in combination with the current standards of care.

Patients with myocardial infarction or high-risk heart disease that received influenza vaccine within 72 h of an invasive coronary procedure had a lower risk of all-cause death, MI, or stent thrombosis, and cardiovascular death 1 year after vaccination (3). The influenza vaccine is associated with lowering proinflammatory cytokines (4) and may exert anti-inflammatory and plaque stabilizing effects (5). The association of influenza vaccine with CVD supports the role of chronic inflammation as a central driver of CVD. Control of chronic inflammatory mediators is likely to be key to reducing CVD (6).

Cardiac inflammatory signaling is complex and multifaceted including triggers from viral infections and biochemical stresses. Numerous anti-inflammatory agents are available but have so far had limited success in the treatment of CVD (Table 1).


TABLE 1 Current anti-inflammatory therapy for atherosclerotic cardiovascular disease.
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2. Tumor necrosis factor-α (TNF-α)

The tumor necrosis factor (TNF) super-family is composed of 19 different ligands and 29 receptors. This super-family is a pivotal component in cellular signaling cellular differentiation, survival and death (7). Immune responses are downstream to TNF signals involving both innate and adaptive immune cells. The interplay of ligand and receptors is complex and when dysregulated, inflammatory and autoimmune consequences can result.

Tumor necrosis factor-α (TNF-α) expression is triggered by the immune system response to pathogens and their associated toxins. TNFα is synthesized as a transmembrane precursor protein (mTNF-α) as a 26 kDa (233 amino acids, a 76 amino acid leader and 157 amino acid body). The mTNF-α is then proteolytically cleaved by the TNF-α converting enzyme (TACE or ADAM17) to create a free soluble homotrimer sTNF-α as 17 kDa monomers. TNF-α interacts with two receptors: TNFR1 known as CD120a and p55 and TNFR2 known as CD120b and p75. These receptors also bind lymphotoxin alpha (LT-α). The extracellular domain of TNFR2 is composed of 4 cysteine rich domains (CRD) identified as CRD1, CRD2, CRD3, and CRD4. TNFR2 is in a trimeric form as it sits on the cell membrane. Binding TNF-α activates the TNFR2 cytoplasmic domain. This TNFR2' signals through TRAF2 and induces JNK and NF-kB activation. TNFR1 may mediate bacterial and viral challenges but TNFR2 is primarily involved in response to viral challenges.

TNF-α is one of the most potent pro-inflammatory cytokines. Biosynthesis is controlled at a post-transcriptional stage through the competitive binding of tristetraprolin (TTP) to an AU-rich untranslated region in the 3'-region of the mRNA. Dephosphorylated TTP binds the mRNA and promotes degradation and phosphorylation weakens TTP affinity for mRNA. Stimuli such as lipopolysaccharide (LPS), interleukin 1β (IL-1β), IL-6, interferon gamma (IFN-γ), tissue trauma or hypoxia regulate translocation of TTP from the nucleus to the cytoplasm resulting in enhanced TNF-α biosynthesis. Mitogen-activated protein kinases (MAPK) is involved in control of numerous genes including nuclear factor kappa B (NF-κB) which positively regulates the promoter of TTP.

TNF-α promotes insulin resistance leading to obesity and type 2 diabetes. It is used by the immune system as a signal released by macrophages to coordinate an inflammatory response. However, TNF-α is also produced by mast cells, endothelial cells, cardiac myocytes, adipose tissue, fibroblasts, and neurons. Resulting immune responses include fever, apoptotic cell death, cachexia (wasting syndrome), and inflammation (heat, swelling, redness, and pain) while inhibiting tumorigenesis and infections.


2.1. TNF-α agonist

Initially, a cytotoxic factor produced by lymphocytes, lymphotoxin, was reported by two independent groups in 1964 (8). The name tumor necrosis factor was reported for a cytotoxic factor produced by macrophages in 1974. These cytotoxic factors were identified based on their ability to kill mouse fibrosarcoma cells (9). Excessive production of TNF was associated with the cause of malaria disease and endotoxin poisoning (10). Subsequent studies have identified production in cell types beyond the macrophage to include lymphoid cells, mast cells, endothelial cells, cardiac myocytes, adipose tissue, fibroblasts, and neurons.

TNF-α is used as an immunostimulant drug, Tasonermin, in the treatment of certain cancers with modest effectiveness. The soluble sTNF-α is also administered therapeutically from recombinant (rhTNF-α; amino acids 77-233) production methods. The inhibition of PBMCs by rhTNF-α, IC50, is 1,728 ± 11 ng/ml and the effective concentration, EC50, is 250 ± 1 ng/ml. The IC50 in Caco-2 cells was 297 ng/ml, HepG-2 cells was 197 ng/ml, and MCF-7 cells was 374 ng/ml (11).

TNF-α mRNA half-life was 75.3 ± 16.7 min (Table 2) in keratinocytes treated with UVB alone and 56.0 ± 4.5 min following UVB plus IL-1-α (not significantly different). No TNF-α mRNA was detected in keratinocytes following sham treatment (12). The half-life of TNF-α mRNA is 140 min in primary alveolar macrophages in control media. The mRNA is stabilized by cigarette smoke extract, the half-life is prolonged to well over 300 min (13). An immediate-early response gene, tristetraprolin (TTP), can destabilize the TNF-α mRNA.


TABLE 2 TNFα half-life observations.
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Administration of 2 µg/kg/0.5 h in rats resulted in a plasma half-life of 5–8 min. Administration of doses between 10 and 500 µg/kg/0.5 h by intravenous infusion in rats resulted in dose independent plasma half-life of about 0.5 h (14). The half-life for rhTNF-α in rhesus macaques was between 1.2 and 2.1 h with doses of 10, 20, 30, and 120 µg/kg/0.5 h. The NHP studies suggested two different elimination mechanisms for TNF-α clearance, a nonspecific non-saturable process, and a specific saturable process (15).

The sTNF binds TNFR1 with Kd = 1.9 × 10−11 M but TNFR2 with Kd = 4.2 × 10−10 M and the sTNF/TNFR1 complex depends on stabilization while the sTNF/TNFR2 complexes are short lived and may not be signaling competent (16). TNFR2 signaling is best activated by mTNF/TNFR2 complexes.

TNF-α appears to have contradictory effects on almost every type of cancer. Pro-tumorigenic effects include proliferation, promotion through TNFR1 and IL-17, immunosuppression, progression cell survival from reverse signaling, and metastasis through p38 MAPK, Erk1/2 and β-catenin. Anti-tumorigenic effects include tumor cell apoptosis, inhibition of proliferation, and generation of specific cytotoxic CD8 + lymphocytes (17).



2.2. TNF receptors

Binding TNFR1 leads to assembly of a complex of TNF receptor 1 associated protein with death domain (TRADD), the receptor associated factor 2 (TRAF2), the receptor interacting protein kinase (RIP1), and the cellular inhibitor of apoptosis proteins (cIAPs) 1 and 2. The selection of intracellular binding partners is influenced by the cIAP in the complex. Adapter signaling can produce several different signals: (1) a death inducing signaling complex (DISC) composed of TRADD/fas associated death domain (FADD)/procaspase 8 complex resulting in apoptosis, (2) phosphorylation of IKKβ leading to nuclear localization of nuclear factor kappa B (NFκB) free dimers and transcriptional activation of the NFκB pathway, and (3) recruitment of the necrosome complex leading to membrane permeabilization and necroptosis.

The TNFR2 signaling complex lacks the death domain but does include cIAP1/cIAP2 and signal through non-canonical activation of NFκB, the c-jun N-terminal kinase (JNK), p38 MAPK, and lipid phosphatidylinositol-4,5-bisphosphonate (PIP2) to produce proliferation of regulatory T cells (Treg) and activation of PKB/Akt in promoting cell survival and proliferation. Broadly, the actions of TNFR1 and TNFR2 have opposing effects on the immune system.



2.3. TNF-α inhibitors

TNF-α inhibitors include a spectrum of monoclonal antibodies: (a) Infliximab (Remicade) is a mouse Fv domain fused to a human Fcγ1 IgG1, (b) adalimumab and golimumab are human Fv domains with human Fcγ1 IgG1, (c) etanercept (Enbrel) is the four cysteine-rich domains (CRD) domains of TNFR2 fused to human Fcγ1 IgG1, and (d) certolizumab pegol is a humanized Fv (from murine) Fab' with the hinge region cross-linked to two 20 kDa molecules of polyethylene glycol. The current indications for anti-TNF-α include immune-mediated inflammatory diseases (IMID) such as rheumatoid arthritis, Crohn's disease, juvenile idiopathic arthritis, plaque psoriasis, ankylosing spondylitis, ulcerative colitis, and non-infectious uveitis (Table 3).


TABLE 3 Comparison of approved TNF-α inhibitors.
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Remicade (infliximab) a chimeric monoclonal antibody binding TNF-α is administered in combination with methotrexate (MTX 10–25 mg/wk PO) at a dose of 3–5 mg/kg IV every 8 weeks. Important limitations include antidrug antibodies (ADA) which are observed in 51.2 percent of patients in a 30-week treatment period and neutralizing antibodies (Nab) are observed in 85.6 percent of patients in a 30-week treatment period (19). A meta-analysis of the half-life of Remicade was observed to range from 9.0 to 20.3 days but clearance is enhanced by 48 percent in patients with ankylosing spondylitis compared to rheumatoid arthritis. Clearance is also enhanced in individuals with ADA (20).

Humera (adalimumab) is a recombinant human monoclonal antibody that binds TNF-α administered as a 40 mg dose SQ. The elimination half-life was 231.9 h in adult male healthy volunteers with a 71 percent coefficient of variation (21). This study identified 93.4 percent of patients with ADA by day 70 and 41.4 percent of patients with Nabs by day 70.

Etanercept is a 75 kDa fusion protein capable of binding TNF-α 50- to 100-fold more potent than the endogenous TNFR1/R2. Enbrel was evaluated in clinical trials beginning in 1993 with approval for RA in 1998. A human dose of Enbrel (Etanercept) is 50 mg in 1 ml administered subcutaneously once a week. The dose results in a Cmax of 3,151 ± 1,261 ng/ml and a half-life 94.6 ± 19.2 h in healthy adults (22). A dose ranging study in patients with rheumatoid arthritis (RA) observed an elimination half-life of 57.8 ± 26.1 h at 50 mg SQ twice-weekly to 68.2 ± 27.4 h at 10 mg SQ once weekly. The observed EC50 was between 465 and 573 ng/ml and a steady state concentration of 1,170 ng/ml was observed in patients receiving 50 mg once-weekly (23). A 3 year follow-up study reveals 4.1 percent of patients fail to adhere to etanercept therapy due to medical reasons (24). Patients treated with Enbrel are at increased risk for developing serious infections leading to hospitalization and death.

Cimzia (Certolizumab Pegol) is a humanized monoclonal antibody conjugated to polyethylene glycol Fab fragment. The dose of 200 mg every other week (up to 800 mg) SQ and 10 mg/kg IV are administered with an elimination half-life of approximately 14 days and clearance is enhanced in patients with inflammatory conditions such as RA (25). Incidence of ADA was about 65 percent and over 97 percent of the response led to Nabs (26).

Some patients taking TNF-α inhibitors develop aggravation of disease and new onset of autoimmunity. This contradictory action suggests an immunosuppressive action of TNF-α which some ascribe to enhancement of regulatory T-cells (Tregs) due to binding TNFR2. One of the key limitations with inhibitors is the increased risk of infection such as tuberculosis (TB), development of autoimmune diseases and lymphomas (27). In addition, current inhibitor therapies often induce production of ADAs and specific NAbs leading to diminish inhibitor efficacy.




3. TNF-α and atherosclerosis

Animal models provide insights into the association between TNF-α and heart specific inflammation. Mice fed an atherogenic diet are protected from atherosclerotic lesion formation in Tnfa−/− mice and exclusive expression of mTNF-α reduces the inflammatory response (28). Apoe−/− mice fed an atherogenic diet show reduced plaque growth in Tnfa−/− mice (29). In the ischemia reperfusion model, mice show lower infarct area and improved cardiac functions in Tnfa−/− mice (30). Mice infected with coxsackievirus B3 to induce myocarditis have reduced myocarditis but no changes in virus titer in Tnfa−/− mice (31). The animal model data reveal a dual role of TNF-α and opposing effects of TNFR1 and TNFR2. These experimental data address the clinical failure of TNF-α inhibitors in heart failure patients and further suggest targeting TNFR2 over TNF-α.

TNFR1 and TNFR2 have opposing effects in the heart. TNFR1 exacerbates hypertrophy, inflammation, and cell death in heart failure but TNFR2 limits these events (32). TNFR1 aggravates ventricular remodeling but TNFR2 improves the action after myocardial infarction.

TNF-α is associated with increased risk of coronary heart disease development (33). IMID patients have increased risk of atherosclerotic cardiovascular events. Chronic inflammation leads to acceleration of atherosclerosis (34). Myocardial infarction rates are reduced in rheumatoid arthritis patients taking anti-TNF-α therapies (35, 36). However, enthusiasm for use of TNF-α inhibitors for treatment of patients with cardiovascular risk remains controversial as a few large multi-center comparative studies fail to demonstrate benefit for cardiovascular-related events, heart failure, death risk and improved cardiovascular outcomes (37–39).

The apparent disconnect between animal models of coronary heart disease and outcomes from human studies using TNF-α inhibitors may be due to limited target specificity of TNF-α inhibitors. However, use of TNF-α inhibitors is associated with multiple limitations.



4. Soluble TNFR2

Levels of sTNFRs are associated with increased mortality and morbidity in a diverse range of human diseases (Figure 1). The membrane bound TNFRs may be derived by proteolytic cleavage by TNF-α converting enzyme (TACE). They retain ligand binding activity as soluble receptors. T676G SNP (M196R) in exon 6 of the TNFR2 gene is associated with enhanced sTNFRs released by T cells in RA. The SNP was not associated with radiographic or functional severity of RA. This variant shows significantly lower induction of NF-κB and enhanced TNFR1 signaling of apoptosis (40).
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FIGURE 1
sTNFRII(PC), sTNFRII (Δ7), and sTNFRII(Δ7,8) bind sTNFα and tmTNFα. The multiple forms of the TNFRII, both membrane bound and soluble, can all bind either a membrane bound or soluble form of TNFα. This diversity of binding proteins leads to complexity in TNFα stability and signaling.


sTNFRs are associated with sites of inflammation such as arthritis in Bechet's disease (41). sTNFR2 is a marker of cardiovascular disease in people with diabetes (42). sTNFR2 levels were associated with DNA methylation (epigenetic regulation) in circulating lymphocytes from participants in the Framingham Heart Study (43). A study of 48 patients with ST-elevation myocardial infarction (STEMI). In STEMI patients, circulating levels of sTNFR1 and sTNFR2 are associated with infarct size and LV dysfunction. It appears they play a role in apoptosis in ischemia-reperfusion injury (44). A study of 131 patients with chronic kidney disease (CKD) were evaluated. They conclude sTNFR1 (HR 1.51) and sTNFR2 (HR 1.13) are independently associated to all-cause mortality or an increased risk for cardiovascular events in advanced CKD irrespective of the cause of kidney disease (45). Increased concentrations of circulating TNFR1 and TNFR2 (sTNFR1 and sTNFR2) were associated with increased risks of cardiovascular events and mortality in patients with stable coronary heart disease (46).

Psoriasis patients treated with TNFα inhibitors produce more sTNFα and sTNFR2 and patients not responding produce higher levels of both sTNFα and sTNFR2 (47).

A soluble TNFR2 is also synthesized by alternate splicing of pre-mRNA (Figure 2) in response to inflammation (48). The splice variant lacks exon 7 and 8 that encode the transmembrane domain of TNFR2. An antisense strategy has been evaluated to induce skipping of exon 7 of TNFR2. The exon skipping strategy demonstrated amelioration of symptoms in a collagen-induced arthritis mouse model and promoted survival in a TNF-α induced hepatitis mouse model (49). A few key limitations with the antisense study include the oligonucleotide signaling through Tol-receptors leading to NFκB signaling, inability to discriminate between TACE and antisense induced sTNFR2, and limited quantities of Δ7-TNFR2 protein produced. While therapeutically challenging, an antisense oligonucleotide can be utilized as a control to produce the target sTNFR2 antigen in animal models.


[image: Figure 2]
FIGURE 2
Alternate splice variants of TNFR2 include sTNFRII (Δ7), and sTNFRII(Δ7,8). (A) An exon map of the TNFRII displays the 10 exons in the gene with cassette exons indicated in orange. Two splice variants are shown, an in-frame variant in which exon 7 is skipped resulting in the sTNFRII(Δ7) variant and an out of frame variant sTNFRII(Δ7,8). The asterisk above exon 9 indicates the location of a termination codon TAA. (B) A hydropathy map of TNFRII with blue bars indicating amino acids exclude associated with exons 7 and 7 plus 8 are located in the transmembrane domain. An arrow indicates the location of the TACE cleavage site responsible for releasing the extracellular domain of sTNFRII(PC). (C) The nucleic acid and amino acid sequences joined in the sTNFRII(Δ7,8) splice variant.



4.1. sTNFRII(Δ7) role in inflammation

TNF-α is a central regulator of the inflammatory response. Therapeutic interventions include both agonists and antagonists. As an agonist, both the mRNA encoding TNF-α and the translated protein have short half-lives so chronic effects such as rheumatoid arthritis or atherosclerosis require chronic gene expression. TNF-α can produce contradictory and opposite effects in multiple circumstances. The diversity of TNF-α effects appears to be associated with the two receptors, TNFR1 and TNFR2 with therapeutic intervention focus on TNFR2.

The association of TNFR2 with pathogenesis in humans and animal models is complicated by limitations in measures of the soluble TNFR2 in the context of membrane TNFR2. The appearance of a soluble TNFR2 in blood may lead to two opposing interpretations (Figure 3). First, the most frequently reported action is to bind TNFα as a “decoy” receptor, an endogenous TNFα inhibitor, resulting in lower free sTNFα levels and reduced inflammation. The opposing interpretation also involves binding free sTNFα but the outcome is stabilization of sTNFα by protecting it from clearance and degradation leading to prolonged inflammation. The second interpretation proposes the free sTNFα plus sTNFR2 bound sTNFα are physiologically relevant. Reference TNFα levels in healthy individuals were 0.083 ± 0.14 pg/ml which is approximately 1,000 times lower than levels of sTNFR1 (942 ± 32 ng/ml) and sTNFR2 (2,587 ± 76 ng/ml). The sTNFR2 is then a high capacity, low affinity receptor for TNF-α that has no known signal transduction activity. The sTNFR2 does not include a clearance mechanism as is observed in etanercept which is composed of both TNFR2 ligand binding domain but also an Fc domain providing for clearance. Even with the Fc domain fused to the TNFR CRD, TNFα levels are higher in psoriasis patients taking etanercept compared to adalimumab and infliximab. The second interpretation is consistent with clinical observations of poor outcomes and treatment failures associated with elevated sTNFR2.
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FIGURE 3
sTNFRII (Δ7) is not equivalent to etanercept or sTNFRII(PC). All three molecules contain the four extracellular CRD regions and can bind TNFα. Only Etanercept has a clearance mechanism provided by the fusion with a human IgG1 Fc region capable of removing bound TNFα from circulation. The relative abundance of sTNFRII(Δ7) is on the order of 2,500 ng/ml which is in excess of TNFα in healthy individuals which is on the order of 0.08 pg/ml. The low affinity but high-capacity binding is proposed to bind TNFα and protect it from rapid degradation based on the 1–2 h half-live of TNFα. The net effect is that the sTNFRII(Δ7) is a depot reservoir for TNFα extending the proinflammatory activity.





5. Vaccine strategies for chronic inflammation

Vaccines for management of infectious diseases have historically used large antigens such attenuated (yellow fever, measles, mumps, and rubella), inactivated (polio, rabies, influenza, and hepatitis A) or subunit (Hepatitis B, human papillomavirus, and influenza) pathogens. The large antigens are preferred because their multiple epitopes offer a hedge against variation in pathogens and limit immune evasion. However, use of pathogens as large antigens in vaccines can be associated with significant adverse events. Reactivation of an attenuated tuberculosis vaccine (BCG) was administered to 251 neonates were given three oral doses in Lubeck Germany in 1930. 173 infants developed signs of TB and 72 died (50). A diphtheria vaccine unknowingly contaminated with Staphylococcus aureus was administered to 21 children in Bundaberg Australia in 1928. 12 of the children died within 2 days of vaccination (51). Large antigens may also increase the potential for autoimmune host reactions. The US FDA prohibited (21 CFR 610.19) Group A streptococcus organisms or their derivatives from vaccines because they may induce dangerous tissue reactions in humans. The action was based on administration of an M protein vaccine to 21 healthy siblings of patients with rheumatic fever. Two of the individuals developed rheumatic fever and another developed possible rheumatic fever (52). The FDA revoked the specific requirements for S. pyogenes vaccine in 2006 and now peptide-based vaccines utilize segments of the M-protein as well as non-M protein antigens (53). Vaccines designed to target self-protein targets do not share the need for large antigens as there is minimal opportunity for immune evasion.

Large antigens present numerous epitopes to the immune system and can result in “immune confusion.” Some surface-exposed regions of the antigen are associated with subdominant or weak antibody responses in contrast to immunodominant epitopes (54). For example, Dengue virus interacts with host cell receptors with a fusion loop (FL) of the M protein. While the FL domain is an immunodominant region, it leads to poorly neutralizing antibodies while other sites in the M protein are subdominant but elicit protective antibodies (55). Dengue vaccine development has been hampered by this situation. Another example involves the hemagglutinin (HA) of influenza A virus (IAV). The highly conserved HA stem region is associated with protective antibodies, but this site is subdominant (56). This explains why IAV vaccines need to be updated for each season's infection. Vaccines with large antigens present both immunodominant and subdominant regions and apparent immune confusion with respect to efficacy.

Current trends utilize smaller peptides to avoid the complexity of reactions to large antigens. Peptide vaccines are synthetically prepared so the antigen can be fully characterized. The production is highly reproducible, fast, and cost-effective. The vaccines are generally water soluble and may be stored without refrigeration. The small size limits potential for allergic or autoimmune responses.

Peptide-based anticancer vaccines targeting human papilloma virus (HPV) utilize 7–14 amino acid epitope sequences targeting the E5, E6, and E7 proteins of HPV-16. The linear B-cell epitopes effectively activate CD8 + cell responses but lack Th epitopes. The small peptides are not promptly recognized by antigen presenting cells (APC) so immunostimulatory adjuvants and vaccine formulations are necessary to ensure vaccine efficacy. A universal T helper epitope that covers a broad range of HLA alleles called PADRE (AKFVAAQTLKAAA) is more stimulatory that natural Th epitopes (57). Immunostimulant peptides can be added including influenza hemagglutinin CD4 + peptide (HA307–319; PKYVKQNTLKLAT) or tetanus toxoid peptide (TT830–844; CG-QYIKANSKFIGITEL) (58).


5.1. Epitope-peptide based vaccines

Active immunization with vaccines targeting TNF-α are being developed to address the cost and antidrug antibody (ADA) limitations of current TNF-α inhibitors including infliximab, adalimumab and etanercept. Initial attempts employed the sTNF-α molecule as the immunogen including TNF-K and TNF AutoVaccine. These approaches are effective in animal model studies (59) but were not successful in human clinical trials (60).

An epitope-based vaccine pursues design for optimal target specificity (61). The result is a vaccine with fewer allergenic and reactogenic effects (62). The key limitation is small peptides are inherently poor in immunogenicity imposing requirements for an appropriate scaffold and adjuvant. A TNF epitope vaccine, CRM197, has been described which employs the epitope peptide (AA 80–97) (63) from monoclonal antibody binding and a transmembrane domain of the diphtheria toxoid as adjuvant (64).

Alternative splicing describes how multiple transcripts can be created from a single pre-mRNA, which are then translated into a family of protein isoforms. The splicing process is controlled by spliceosomes, splice sites, and splicing elements for splicing factors. Alternative splicing is associated with many cardiac diseases including hypertrophic cardiomyopathy (alternate splicing of myomesin and troponin), myotonic dystrophy type 1 (DM1; alternate splicing of dystrophia myotonica protein kinase), Brugada syndrome (abnormal splicing of SCN5A), dilated cardiomyopathy, ischemic cardiomyopathy, and atherosclerosis (65). Alternative splicing of apoptotic pathways plays a central role in development of cardiovascular disease with alternate splice forms of TNF-α. The alternate spliced protein isoforms may represent neoantigens that may be exploited by vaccines.

Vaccination against atherosclerosis as a potential effective approach has been under investigation for more than 20 years. Different antigens have been tested in animals with a great success. Lipid-related antigens like Ox- LDL, PCSK9, non-lipid related antigens like interleukins, HSPs β2GPI, DNA vaccination and whole cell vaccination are some examples of successful examinations in animals (66). Plant-based vaccination which has some advantages over traditional methods has recently attracted the attention of the scientific community.

AtheroVax is a therapeutic vaccine for individuals with ongoing coronary artery disease. The vaccine antigen is an alternately spliced variants of the tumor necrosis factor alpha receptor 2 (TNFR2). The TNF-alpha inflammation pathway is an important driver of atherosclerosis and formation of vascular plaque. Targeting the disease associated neoantigen, sTNFR2, that exploits the novel pre-mRNA joining of exon 6 to exons 8 and/or 9 thus sparing the membrane bound, wild-type, TNFR2 (Table 4). The vaccine is expected to have a long duration of action that can replace current therapies that while effective, require chronic treatment resulting in frequent failures due to lack of patient compliance.


TABLE 4 Rationale for targeting sTNFRII.
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The sTNFR2 is a soluble extracellular protein observed in blood plasma. A vaccine producing humoral responses (antibodies) more prominently than cellular (cytotoxic T-cell) responses is desired. Aluminum-based adjuvants such as aluminum hydroxide (Alum) are poor stimulators of cellular immune responses.




6. Conclusions

A therapeutic vaccine for the treatment of atherosclerotic CVD targeting chronic inflammation supported by expression of the sTNFRII(Δ7) splice variant is described. The approach to the vaccine is based on the premise that chronic inflammation is a key driver of CVD. TNFα and the associated signal transduction pathway is central to the maintenance of chronic inflammation. While numerous anti-TNFα therapeutics are currently available, they have limitations for use in treating CVD including variable responses and emergence of antidrug antibodies (ADA). An understanding of the diverse forms of the TNF receptors may explain the variable responses to TNFα ultimately focusing attention to the TNFRII. The TNFRII receptor is further complicated by the expression of both membrane bound and at least two soluble forms. The proteolytically cleaved soluble form sTNFRII(PC) is distinct in structure and function from the alternate splice form sTNFRII(Δ7). The small peptide vaccine, AtheroVax, is a linear B-cell epitope created by joining exons 6–8 which is unique to the sTNFRII(Δ7) and is not expected to cross react with the membrane bound (mTNFRII) or sTNFRII(PC). The resulting therapeutic vaccine specificity supports chronic use in limiting the development and progression of atherosclerosis.

AtheroVax is a unique vaccine for atherosclerotic CVD by targeting chronic inflammation and not the process of cholesterol synthesis, transport, and states of oxidation. The proposed benefit is summarized in a target product profile (Table 5). The treatment regimen is expected to be once to twice a year which is expected to limit cost and support compliance to the treatment regimen. The expectation of low cast and anticipated product stability may even support acceptance as a global therapy for CVD.


TABLE 5 Target product profile (TPP).
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The potential successful development of AtheroVax is likely to be used in conjunction with other treatments such as standard of care medications and lifestyle modifications.
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Background: Heterozygous familial hypercholesterolemia (HFH) is an autosomal dominant genetic disorder leading to a lifetime exposure to high low-density lipoprotein cholesterol (LDL-c) level and an increased risk of premature atherosclerotic cardiovascular disease (ASCVD). We evaluate the effect of a causative genetic variant to predict ASCVD in HFH patients undergoing treatment.



Materials and methods: A retrospective cohort was conducted on 289 patients with possible, probable, and definite diagnosis of HFH according to Dutch Lipid Clinic Network Score and in whom DNA analyses were performed and mean LDL-c level was above 155 mg/dl. The study population was divided into groups based on the presence or not of a causative variant (pathogenic or likely pathogenic). We observed each of the study’s participants for the occurrence of ASCVD.



Results: A causative variant was detected in 42.2% of study participants, and ASCVD has occurred in 21.5% of HFH patients. The incidence of ASCVD (27% vs. 17.4%, p = 0.048) and the mean of LDL-c under an optimal medical treatment (226 ± 59 mg/dl vs. 203 ± 37 mg/dl, p = 0.001) were higher in HFH-causative variant carriers than others. After adjusting on confounders, ASCVD was positively associated with LDL-c level [OR = 2.347; 95% (1.305–4.221), p = 0.004] and tends toward a negative association with HDL-c level [OR = 0.140; 95% (0.017–1.166), p = 0.059]. There is no more association between the detection of a causative variant and the occurrence of ASCVD [OR = 1.708; 95% (0.899–3.242), p = 0.102]. Kaplan Meier and log rank test showed no significant differences in event-free survival analysis between study groups (p = 0.523).



Conclusion: In this study population under medical care, it seems that the presence of a causative variant did not represent an independent predictor of adverse cardiovascular outcomes in HFH patients, and LDL-c level played an undisputable causal role.
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Introduction

Heterozygous familial hypercholesterolemia (HFH) is an autosomal dominant genetic disorder leading to a lifetime exposure to high low-density lipoprotein cholesterol (LDL-c) level and an increased risk of premature atherosclerotic cardiovascular disease (ASCVD). In most countries, the heterozygous form of familial hypercholesterolemia (FH) usually affects 1 in 313 to 120 individuals (1–3). The Dutch Lipid Clinic Network Score (DLCNS) is a valid diagnostic score for FH. It includes a set of criteria: patient’s family history of early-onset cardiovascular disease in his first-degree relatives, personal history of cardiovascular disease, physical signs of hypercholesterolemia (tendinous xanthoma and/or arcus cornealis prior to age 45 years), circulating level of LDL-c, and positive DNA analysis for a genetic variant in LDLR (low-density lipoprotein cholesterol receptor), APOB (apolipoprotein B), or PCSK9 (proprotein convertase subtilisin/kexin type-9) gene (4). DLCNS stratifies the diagnosis of FH into four categories: unlikely (<3 points), possible (3–5 points), probable (6–8 points), and definite (>8 points). Thus, DNA testing is recommended in FH patients by several international and scientific societies. It ensures a precise molecular diagnosis, a screening cascade identifying unknown and asymptomatic FH patients among closed family members, an early initiation of optimal medical therapy, and a prognostic stratification (5, 6). Apart from the traditional HFH-causing variants in LDLR, APOB, and PCSK9 genes, the detection of mutant APOE gene in HFH patients is recently considered as a cause or an exacerbating factor of HFH phenotype (6–8). It seems that patients with digenic causality, combined LDLR and PCSK9 gene variants, experienced poor cardiovascular outcomes marked by a high frequency of non-fatal myocardial infarction (9). It is noteworthy that the risk of obstructive coronary artery disease in HFH patients with pathogenic variant and LDL-c level of ≥190 mg/dl was 22 times higher than that of general population with LDL-c level of ≤ 130 mg/dl (10). It was also six times higher in HFH patients without pathogenic variant compared with the reference group (10). In the setting of HFH, clinical trials evaluating the risk of atherosclerosis depending on DNA analysis are scarce in literature. Most published ones assess the difference in risk between FH patients and the general population. The present study compares cardiovascular outcomes in HFH population under medical care with versus without a causative variant and evaluates the association between different gene variants and ASCVD.



Materials and methods


Study design and population

A retrospective cohort was conducted on 854 patients who were referred to the Department of Preventive Cardiology at Toulouse University Hospital, Rangueil, France, and for whom the results of DNA analysis test are available. We collected the available controls of lipid panel during the follow-up period while receiving the maximum tolerated medical therapy. The follow-up period extended from the date of the first lipid panel till the occurrence of ASCVD or the last available follow-up. The DLCNS and means of collected LDL-c levels in the course of time were calculated for each of the study’s participants. Patients aged above 18 years old and who fulfilled the diagnostic criteria of possible, probable, and definite HFH according to DLCNS were included in this study (289 patients). Patients with incomplete data (lack of follow-up information), younger than 18 years old, with mean LDL-c of <155 mg/dl, and unlikely for HFH diagnosis (DLCNS of <3) were excluded from this study (558 patients). One patient with homozygous FH was also excluded. Six patients with genetic variant of unknown significance were excluded. Then, we observed study participants till the occurrence of a significant atherosclerotic cardiovascular event or the last available follow-up. The study population was divided into two groups: first, according to the development or not of ASCVD and, second, according to the detection or not of a causative variant. We evaluate the differences in the incidence of ASCVD and means of total cholesterol, LDL-c, HDL-c, triglycerides, lipoprotein(a) [Lp(a)], apolipoprotein A1 (Apo A1), and apolipoprotein B (Apo B) levels among the study groups.



Data collection and end point

Baseline characteristics of study population, results of DNA analysis, and full lipid panel tests [total cholesterol, LDL-c, HDL-c, triglycerides, Lp(a), Apo A1, and Apo B] under an optimal tolerated lipid-lowering therapy were collected throughout the follow-up period. The DLCNS and means of cholesterol, LDL-c, HDL-c, triglycerides, Lp(a), Apo A1, and Apo B levels were calculated for each of study’s participants, respectively. ASCVD was defined by a more than 50% reduction in the diameter of peripheral arteries or carotids on Doppler ultrasound, an ischemic stroke was revealed on cerebral imaging, and more than 50% reduction in the coronary artery lumen was detected on a coro scanner or coronary angiography. DNA sequencing of the LDLR, PCSK9, APOB, and APOE genes were performed. All genetic variants and their causal effects were verified by “RJP” and subsequently classified as pathogenic, likely pathogenic, variant of unknown significance, likely benign, or benign. Considering their consequences, pathogenic and likely pathogenic causative genetic variants were segregated into two subtypes: moderate or severe. Severe variants encompass large rearrangements and point mutations accounting for non-sense, frameshifts, splicing, and initiation codon loss mutations. Moderate variants include missense, in-frame deletion, or duplication and 5′ regulatory mutations. The HFH-causative variant carriers group includes pathogenic and likely pathogenic variants, whereas HFH-no causative variant group includes variants of unknown significance, benign and likely benign variants, and patients with undetected genetic variant. We aim to evaluate if HFH with a causative variant patient undergoing medical care was more associated with ASCVD compared with HFH-no causative variant carrier. Patients were informed at hospital admissions that their clinical data could be used for research purposes in anonymous form, and non-opposition consent forms were obtained. The cohort was registered by the Ministry of Research and the Regional Health Agency Occitanie (no. DC-2017-298).



Statistical analysis

Statistical analyses were performed using SPSS version 20.0. Qualitative variables were expressed by frequency and percentages, while quantitative variables were summarized as means and standard deviations. Categorical variables were compared with the use of χ2 test or Fisher’s exact test as appropriate, while continuous variables were studied with the use of t-test. Normality and variance homogeneity for continuous variables were checked. Kaplan–Meier curve and log rank test were used for survival analysis. Multivariable logistic regression analysis was used to test the association of ASCVD with HFH-causative variants. A two-sided p-value of ≤0.05 was considered to be of statistical significance.




Results

Out of 854 screened patients, a total of 289 patients were included in this study. The mean age of study population was 49 ± 13 years old, and 37% of study participants were males. Based on DLCNS, the diagnosis of HFH was definite (>8 points) in 48.8%, probable (6–8) in 4.2%, and possible (3–5) in 47.1%. The DNA analysis detected a genetic causative variant in 42.2% of study participants. The causative variants were found on LDLR gene in 33.6%, APOB gene in 7.6%, PCSK9 in 0.3%, and APOE in 0.7% (Figure 1). Over a mean follow-up period of 5.97 ± 5.97 years, ASCVD has occurred in 21.5% of study participants. The observed cardiovascular events were coronary artery disease (18.2%), ischemic stroke (1.4%), and peripheral artery disease (1.4%). Compared with no ASCVD group, HFH patients who developed ASCVD were commonly males (48.4% vs. 33.9%, p = 0.037), were older (52 ± 12 vs. 48 ± 13, p = 0.027), and had higher means of total cholesterol (310 ± 74 vs. 288 ± 46, p = 0.029) and LDL-c (233 ± 66 vs. 207 ± 41, p = 0.004) levels. In addition, causative variants were significantly more expressed in study participants with versus without ASCVD (53.2% vs. 39.2%, p = 0.048) (Table 1). On the other hand, HFH-causative variant carriers were younger (45 ± 14 vs. 52 ± 11, p = 0.001) with higher mean LDL-c level (226 ± 59 vs. 203 ± 37, p = 0.001). Also, HFH patients with pathogenic and likely pathogenic variant were at greater risk of ASCVD (27% vs. 17.4%, p = 0.048) (Table 2). After adjusting on confounders (age, sex, HDL-c and LDL-c levels), the multivariable logistic regression showed a positive association of LDL-c level [OR = 2.658; 95% (1.495–4.729), p = 0.001] and age [OR = 1.034; 95% (1.009–1.060), p = 0.008] with ASCVD, respectively. The HDL-c level tends toward a negative association with ASCVD [OR = 0.132; 95% (0.016–1.073), p = 0.058], whereas male sex tends toward a positive association [OR = 1.823; 95% (1.974–3.413), p = 0.061]] (Table 3—model 1). Unlike the results of bivariate analyses, the detection of a causative variant becomes no more significantly associated with ASCVD [OR = 1.713; 95% (0.902–3.256), p = 0.100] (Table 3—model 2). Only after excluding LDL-c from the statistical model, the association between the presence of causative genetic variant and ASCVD was statistically significant [OR = 2.149; 95% (1.170–3.948), p = 0.014] (Table 3—model 3). Similar results were found after a second revision of genetic analyses stratifying study participants into three categories: severe, moderate, and no causative genetic variant (Supplementary Tables S1 and S2). Note that the means of LDL-c differed significantly among study sub-groups (Table 4) and this difference was mainly observed between LDLR variant carriers and those with no causative variant (p = 0.003) (Table 5). Lastly, the Kaplan–Meier curve and log rank test failed to detect a significant difference in survival analysis for freedom of ASCVD between study groups (no causative variant vs. causative variant carriers, p = 0.547).
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FIGURE 1
Pie chart representing the prevalence of no mutation, LDLR, Apo B, PCSK9, and Apo E mutations in the study population.



TABLE 1 Characteristics of study population with versus without atherosclerotic cardiovascular disease (ASCVD).
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TABLE 2 Characteristics of study population with versus without causative mutation.

[image: Table 2]


TABLE 3 Statistical models of multivariable logistic regression investigating the association between the presence of causative mutation and development of atherosclerotic cardiovascular disease adjusted on confounders.
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TABLE 4 Kruskal–Wallis test comparing the means of lipid panel components between study population sub-groups.
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TABLE 5 Bonferroni test comparing the mean difference of low-density lipoprotein cholesterol between study sub-groups.
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FIGURE 2
Kaplan–Meier survival analysis for freedom of atherosclerotic cardiovascular disease in FH patients with versus without causative mutation (p = 0.547).




Discussion

The present study is one of the few available studies to report on the prediction of HFH-causative variants including APOE variant type. It showed that HFH-causative variant carriers are more likely exposed to cardiovascular events and expressed a higher level of LDL-c, especially those with LDLR variant type. However, the detection of HFH-causative variant per se was not significantly associated with the occurrence of ASCVD in the course of time. Thus, the increased level of LDL-c remains the strongest independent predictor of ASCVD.

To date, available evidence on the effect of genetic variants on cardiovascular risk in HFH patients is controversial. For example, in Dutch HFH patients, the effect of LDLR variant type on survival analysis for freedom of cardiovascular event was only observed in the statistical models after excluding LDL-c level (11). Like us, authors conclude to a greater role of LDL-c level than causative variant per se on predicting cardiovascular risk. This shared conclusion ensues from the similarity between both study’s findings, in particular multivariable analysis results. Also, a recently published large French cohort has indirectly illustrated the same finding. This cohort has showed almost similar all-cause mortality rate in HFH patients with clinical versus genetic diagnosis (5.54 vs. 4.66 per 1,000 persons). Therefore, the rates of coronary events (24.66 vs. 15.89 per 1,000), cerebral events (3.44 vs. 2.47 per 1,000), and peripheral artery disease (3.63 vs. 2.66 per 1,000) were slightly higher in those with clinical diagnosis (12). In Copenhagen general population, no significant differences in coronary artery disease and myocardial infarction-free survival were observed between APOB variant carriers versus non-carriers (13). A significant difference in LDL-c level was mainly observed in patients expressing LDLR variant type (13,14). In opposition, some studies found that HFH patients with genetic variant are at elevated risk for adverse cardiovascular outcomes compared with no-variant group (15–18). Benn M. et al. reported a risk of coronary artery disease in LDL-c receptor gene mutation carriers 3.3 times higher than that in non-carriers (13). Khera and co-workers reported that being aware of FH mutation provides additional benefits on cardiovascular risk prediction than LDL-c level alone (17). Data from Japan suggest that genetic diagnosis may identify individuals at high risk by reflecting a lifetime exposure to the increased level of LDL-c (18). In France, we observed that one-third of patients carrying a severe mutation experienced a cardiovascular event with an average of 2.5 events per patient, while one-fourth of patients carrying a moderate mutation experienced a cardiovascular event with an average of two events per patient (19). A 2- to 3-fold increase in the risk of coronary artery disease has also been reported in HFH variant carriers (16). Indeed, the baseline LDL-c before initiating a medical treatment has been only used (16). In the present study, we were interested in LDL-c profile under optimal medical therapy as it may reflect more precisely the atherosclerotic impact of a causative variant in the real-world practice. Other studies have identified an association between LDLR variant type and ASCVD by revealing a link with carotid plaque formation (14) and obstructive coronary artery disease (13, 14, 17, 20). This augmentation in cardiovascular risk was not observed with the remaining genetic variants, PCSK9 and APOB. In line with previously published studies, we do not reveal a significant difference in cardiovascular risk related to gender in HFH patients. However, it seems likely that males could be at higher risk and HDL-c level could be inversely associated with ASCVD in such HFH-treated population (21–23). Also, it is worth highlighting the potential role of non-LDL genetic factors that result in hypercoagulation and hypofibrinolysis as causal components of ASCVD in HFH patients, independent of elevated LDL-c (24, 25). For example, Kastelein’s group has shown an association between coagulation gene polymorphisms, e.g., G20210A, and ASCVD in FH patients (26). These investigators showed that FH individuals had increased factor VIII compared with non-FH (27). A literature review of these findings has been provided by Ravnskov et al. (28, 29). These findings may partially explain the beneficial effects of statins in FH due to their pleiotropic and anticoagulant effects (30–32). Thus, the discrepancy between the study’s results on atherosclerosis risk prediction of causative variant in HFH patients may be related to differences in non-LDL genetic factors’ expression among the study’s populations.

To summarize, it seems that the effect of a causative variant on atherosclerosis in HFH patients solely passes via the LDL-c level. Then, DNA analysis mainly plays a key role in the diagnosis and screening cascade. It provides an early diagnosis among family members and may reduce the lifelong exposure to high LDL-c level, whereas its usefulness for risk stratification remains uncertain (33, 34). A recently published paper highlights that the risk of incident cardiovascular disease event depends on a cumulative exposure to LDL-c (35). Otherwise, the cost–benefit analysis of genetic analysis tests is another concern even in the developed countries like Europe and Australia (36–38). Lastly, non-LDL genetic factors that result in hypercoagulation and hypofibrinolysis play a potential role as causal components of ASCVD in HFH patients, independent of elevated LDL-c.



Limitations

The study design may predispose to selection bias. This study was carried out in a single large tertiary center, but this also promotes the homogeneity of the patient’s management and follow-up approach. The differences in lipid-lowering therapy and dose changes over time were not discussed. A large proportion of study participants were statin-intolerant patients. Statin intolerance is defined as the inability to tolerate at least two statins, one at the lowest starting dose. However, we assessed the last medical treatment of each of the study’s participants. We observed that 60.9% of study participants were treated with PCSK9i alone; 26.6% with PCSK9i and statins; 9.7% with PCSK9i, statins, and ezetimibe; and 2.8% with PCSK9i and ezetimibe. The number of collected lipid panel tests varies between study participants. In addition, we mention the small sample size and limited number of study participants in PCSK9 and APOE sub-groups reducing the ability to make conclusion about differences among study sub-groups. The polygenic risk score in HFH-no causative variant carriers was not evaluated noticing that it is not yet widely performed due to a less robust evidence base for utility (39).



Conclusion

The present study emphasizes the undisputable causal role of LDL-c for the occurrence of ischemic cardiovascular events in HFH patients with and without the causative genetic variant. While the incidence of ASCVD and level of LDL-c were higher in HFH pathogenic or likely pathogenic variant carriers, the detection of a causative variant did not represent per se an independent predictor of adverse cardiovascular outcomes. Thus, the usefulness of DNA analysis on top of LDL-c level for prognostic classification is uncertain. Additional larger prospective studies are warranted to examine this question.
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With the advent of next-generation whole genome sequencing, many variants of uncertain significance (VUS) have been identified in individuals suffering from inheritable hypertrophic cardiomyopathy (HCM). Unfortunately, this classification of a genetic variant results in ambiguity in interpretation, risk stratification, and clinical practice. Here, we aim to review some basic science methods to gain a more accurate characterization of VUS in HCM. Currently, many genomic data-based computational methods have been developed and validated against each other to provide a robust set of resources for researchers. With the continual improvement in computing speed and accuracy, in silico molecular dynamic simulations can also be applied in mutational studies and provide valuable mechanistic insights. In addition, high throughput in vitro screening can provide more biologically meaningful insights into the structural and functional effects of VUS. Lastly, multi-level mathematical modeling can predict how the mutations could cause clinically significant organ-level dysfunction. We discuss emerging technologies that will aid in better VUS characterization and offer a possible basic science workflow for exploring the pathogenicity of VUS in HCM. Although the focus of this mini review was on HCM, these basic science methods can be applied to research in dilated cardiomyopathy (DCM), restrictive cardiomyopathy (RCM), arrhythmogenic cardiomyopathy (ACM), or other genetic cardiomyopathies.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a common heart condition with a prevalence of 1:200–500 (1, 2). It is characterized by an increase in left ventricular wall thickness in the absence of abnormal loading conditions and without an identifiable secondary cause such as hypertension or aortic stenosis (3). It is thought to be a result of heterogeneous sets of mutations in sarcomere proteins (4, 5). Since HCM is highly variable in both expressivity and penetrance with many modifying factors (6, 7), the precise genetic determination is important for diagnosis, treatment, and prognosis.

About 40%–60% of people suffering from HCM have one or more mutations in sarcomere proteins (3, 5, 8). Of the genes with established pathogenicity for HCM (9), the vast majority (35%–60%) are found in the genes encoding for cardiac myosin binding protein C (MYBPC3) and myosin heavy chain (MYH7) (8, 10, 11) (Figure 1A). Of those, a significant proportion is thought to be due to missense mutations (4%–19% in MYBPC3% and 93% in MYH7), underlying its substantial contribution to HCM (11–13). Other genes that contribute a smaller proportion of HCM cases include TNNT2 (5%–10%), TNNI3 (5%–7%), MYL2 (2%–4%), MYL3 (1%–2%), TPM1 (<1%), and ACTC1 (<1%) (14). Interestingly, pathogenic substitutions seem to cluster in certain regions of the mutated protein (12, 15–17). For example, HCM-linked missense variants in MYBPC3 have been shown to cluster in specific regions, i.e., domains C3, C6 and C10, suggesting that those domains might be mutational “hot-spots” (12). Similarly, HCM-linked variants in MYH7 cluster in specific regions commonly associated with stabilizing the cardiac myosin head OFF state (i.e., interacting heads motif), in good agreement with the myofilament hypercontractile phenotype of HCM variants (18).
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FIGURE 1
(A) Structural models of cardiac myosin folded into the interacting heads motif (left) and cardiac myosin binding protein-C (right). Individual domains are labelled accordingly. RLC, regulatory light chain; ELC, essential light chain; MHC, myosin heavy chain; P/A, proline/alanine-rich linker. (B) High throughput in vitro screening process for VUS in genes associated with HCM. Gene synthesis and expression allows an initial screen for protein folding and production of purified proteins for characterization. A variety of biophysical techniques such as differential scanning fluorimetry, circular dichroism spectroscopy, and size exclusion multi-angle scattering can aid in characterizing the folding pathway, protein stability, and aggregation potential. More advanced techniques such as microscale thermophoresis or NADH-coupled ATPase assays can also be performed in high throughput micro-well formats. By utilizing this high throughput in vitro screening pipeline, it will be possible to obtain mechanistically and clinically meaningful information for VUS in HCM.


A variety of techniques are used to identify genetic variants, such as whole genome sequencing or targeted HCM multigene panels. The variants are then classified based on criteria developed by the American College of Medical Genetics and Genomics (19, 20). Although whole genome techniques yielded larger numbers of pathogenic variants helping confirm the diagnosis for many (21, 22), it also resulted in an exponential increase in “variants with uncertain significance” (VUS) (23). As a result, there is ambiguity and difficulty in clinical interpretation.

Due to these limitations, VUS are typically disregarded in the clinical decision-making process because there is insufficient information (5, 24). However, prior research showed that sarcomere mutations of uncertain significance or multiple VUS variants in an individual with HCM are associated with earlier disease onset and worse outcomes, thus, improved VUS characterization is critical for clinical management and improved outcomes (23, 25).

Here, we provide a roadmap of validated basic science methods and emerging concepts to help reclassify VUS and address the current limitations of VUS interpretation. These methods can improve characterization of HCM-associated VUS by obtaining molecular, mechanistic, and functional information, thereby, aid in risk stratification, improved medical management and prognostication. Finally, characterization of the pathogenicity or mechanisms of VUS will facilitate development of targeted disease-modifying therapies. These methods can be applied to research in dilated cardiomyopathy (DCM), restrictive cardiomyopathy (RCM), arrhythmogenic cardiomyopathy (ACM), or other genetic cardiomyopathies.



Computational and genomic methods used in identification of VUS

The classification of mutations in people with HCM starts with pooling data from population, disease and sequence databases and de novo, allelic, computational, predictive, or segregation data (19, 26). Gene-level experimental tools for high throughput screening of identified HCM mutations for pathogenicity, are reviewed elsewhere (27–29). Although large databases like the ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/), SHaRe registry https://www.theshareregistry.org/), and HGMD database (https://www.hgmd.cf.ac.uk/ac/index.php) have been created and curated by the above-mentioned computational methods, large numbers of HCM mutations are still classified as VUS and require re-classification (9, 25, 30).

Many computational tools were developed to improve the prediction of the pathogenicity of genetic variants in recent years (31–33). CardioBoost utilizes an algorithm called “disease-specific variant classifier” to predict the pathogenicity of missense variants of inherited cardiomyopathies and arrhythmias (34). The authors showed a high level of accuracy for variants classified with >90% confidence, which were associated with disease status and clinical severity (34). In fact, disease-specific classifiers have been shown to perform better than methods not trained specifically on features specific to the genes involved in HCM (35). A similar machine learning algorithm using the etiological fraction showed that 4%–20% of cases could be reclassified into pathogenic variants and be used for clinical applications and predictive testing in probands’ relatives (36).

Other tools utilize high-resolution structural data of proteins and the effect that mutations have on protein folding and stability to predict their pathogenicity (37). A study of people with MYBPC3 VUS using the STRUM tool (evaluating the change in free energy of domain folding upon introduction of a mutation) showed that mutations that produced misfolding were associated with lower event-free survival (38).

Developments in neural networks and artificial intelligence also allow identification of pathogenicity in cardiac sarcomere protein mutations. For example, the disease mutation, phenotype, and pathogenicity in cardiac myosin and myosin binding protein C (MyBPC) mutations were combined to predict global disease mechanism using a neural/Bayes network (39). Although there are limitations in AI technology, work has been done to overcome those challenges and aid in a robust characterization of the functional consequences of VUS and the interpretation of variant classification (40).

Because many computational algorithms have not been validated, the relative performance in identifying potential pathogenicity of variants were assessed in a recent study (11). The authors developed a method to perform variant prediction benchmarks and quantified which algorithms were better in discriminating HCM variant pathogenicity than others (11). They reported that utilizing a combination of the best performing tools can help to narrow down the most important VUS to screen (11).

As there are many different computational tools (11, 32), it may be beneficial to create a consolidated platform of all available algorithms to streamline the in-silico re-classification process, and potentially produce a combined score of pathogenicity scaled by the tested accuracy of each tool. The combine use of these rapid computational algorithms may improve accuracy of prediction and help guide clinical practice.



Rapid protein modeling and molecular dynamics simulations

With improvements in various aspects of molecular dynamics simulations (MDS) such as modeling software, high performance computing, or advanced sampling techniques, MDS can be readily applied to mutational analyses of VUS in HCM (41–44) (Figure 1A). In the protein simulation workflow, one of the most time-consuming processes is model creation and validation. A recently developed tool (“Ensembler”) may enable a high throughput method to produce simulation-ready ensembles of protein models with and without VUS mutations (45). It can accomplish the series of tasks necessary to build a validated model by combining various tools and libraries including homology modeling, refinement, protonation, solvation, and simulation using open-source Python codes that can also be customized (45).

Following the modeling process, many techniques can be applied to study HCM VUS pathogenicity. One method is simply to simulate two models, one with and without the VUS of interest, and to compare the results of protein structure, dynamics, or interactions. However, this method can be time consuming and require much user input. Thus, many automated or semiautomated servers and tools have been developed to accelerate the process. In the Galaxy server, one can rapidly assess hydrogen bond interactions and principal components (transforming higher dimensional data to a set of orthogonal axes) to determine how intra- and inter-molecular structure and dynamics are affected by the VUS (46). In the tool HTMD, more detailed parameters such as relaxation or equilibrium time scales, folding/unfolding pathways, standard free energy, protein conformation, and secondary structure changes can be screened (47). Other high throughput MDS methods and algorithms assess the mechanism or kinetics of protein-ligand association and modulation by amino acid substitutions (48).

The automation process provides valuable information about a HCM VUS rapidly, but it will still require further study for “hits” or mutations that seem to alter structure or function. For example, a confirmatory MDS study for an HCM-causing substitution in cMyBPC (p.Y235S) showed that this pathogenic variant altered specific intramolecular interactions that explained the hypercontractile cross bridge behavior (41). Another study showed that protein MDS combined with experimental correlation was helpful in reclassification of VUS (49). They used the averaged structural changes resulting from various thin filament protein variants together with differential scanning calorimetry (DSC) experiments to propose the reclassification of nine VUS mutations as benign, likely benign, likely pathogenic, and pathogenic (49). Such combinatorial workflow can provide an additional method to reaffirm disease mechanisms.

Simulations can be time consuming and resource heavy; however, with the continual improvement in the speed of computation, and streamlining processes of simulations, we foresee that in silico modeling and simulation will be a valuable tool in assessing pathogenicity of many HCM VUS.



High throughput in vitro screening tools for rapid characterization of VUS

Although in silico methods for predicting variant pathogenicity have significantly improved over the last decade (50), the output scores or results do not inform about potential molecular etiologies. More biologically meaningful insights into the structural and functional effects of VUS can be gained by utilizing high throughput pipelines for the production, and biophysical and biochemical characterization of a large number of protein constructs (Figure 1B).

Gene synthesis has become an affordable tool for the design and creation of large libraries of protein expression constructs. Subsequent small-scale expression of these constructs in micro-well format not only allows an initial screen for protein folding by measuring the distribution of protein variants in the soluble and insoluble cellular fractions(51), but also generates sufficient material (usually in the low milligram scale) for initial biophysical characterization (52). Hexahistidine-tagged single or multi-domain constructs of sarcomere proteins can be produced in high yields and purified to >90% homogeneity using a single optimized purification step (53), suggesting that the production of large number of protein constructs carrying individual VUS is highly feasible. Recombinant proteins produced from bacterial sources usually do not carry any post-translational modifications (PTMs) identified in the mammalian heart in vivo (i.e., serine or threonine phosphorylation). However, known PTMs can be readily introduced into purified protein constructs using in vitro biochemical assays (53–55) and incorporated into the analysis pipeline.

Misfolded proteins can derail proteostasis by aggregate-formation, local cleavage or accelerated protein turnover (56). Stability of solubly expressed protein domains can be directly assessed in a high throughput manner via differential scanning fluorimetry (DSF) in either 96- or 384-well format, which allows for the identification of variants that likely alter domain folding by changes in the observable melting temperature (57–60). Initial “hits” in DSF screen can subsequently be confirmed using orthogonal methods such as circular dichroism (CD) spectroscopy, which can give additional information of changes in protein secondary and tertiary structure. More recently, a high-throughput label-free chemical denaturation workflow has been developed that allows the determination of protein thermodynamic stability using a semi-automated plate reader system (52). Lastly, size exclusion-multi angle light scattering (SEC-MALS) in combination with an auto-sampler allows the rapid assessment of the aggregation behavior of large number of protein variants. The combined workflow of solubility screens, and various techniques to assess domain stability and folding will allow the rapid identification of potential pathogenic variants that cause HCM via changes in proteostasis.

Previous studies showed that about a third of investigated VUS in MYBPC3 do not affect either mRNA or protein stability (61, 62), adding an additional layer of complexity and difficulty to the classification of those variants into either benign or pathogenic. Variants that do not affect mRNA/protein stability are likely to alter protein-protein interactions (39). However, traditional techniques such as isothermal titration calorimetry or surface plasmon resonance spectroscopy severely limit the number of variants that can be examined because they are too time consuming.

This limitation can be overcome by incorporating new biophysical interaction techniques into the in vitro screening pipeline. Microscale thermophoresis (MST) is a rapid and sensitive method to quantify biomolecular interactions, which in contrast to classical methods is highly material-, time-, and cost-efficient (63, 64). MST measures the movement of biomolecules along temperature gradients which is determined by the molecule's size and shape, hydration shell and surface charge distribution. Previous studies have successfully used MST to characterize the binding of sarcomere protein domains to both thin and thick filament components (53, 65, 66). Moreover, recent developments in plate reader technologies accelerated the measurement of myofilament protein function by utilizing Foerster Resonance Energy Transfer (FRET)-based technologies to probe protein-protein interactions (67, 68). FRET is based on the radiation-free transfer of energy from a donor to an acceptor fluorophore when they are in sufficient proximity to each other (<15 nm). It can therefore be employed to determine both the structural dynamics and interactions of proteins. Recent studies have successfully employed FRET to test for the effects of HCM-associated mutations on cMyBPC structural dynamics and its interaction with both actin and myosin (68, 69).

Additionally, myofilament function can readily be measured in a high throughput micro-well format using NADH-coupled ATPase assays (70). Previous studies used this assay system to measure the effects of cMyBPC fragments on thin filament activation (71), and protocols can be readily adopted to test for the functional effects of a plethora of VUS in other proteins. Lastly, induced pluripotent stem cells (iPSCs) have diverse applications and are extensively used in genetic studies, but are the topic of other focused reviews and are not reviewed here (72–82).

In summary, high throughput in vitro screening pipelines have the potential to not only discriminate between pathogenic and benign variants, but also help to understand the molecular etiologies associated with individual variants (Figure 1). Integration of experimental results into meaningful matrices to assess pathogenicity, and bridging between the structural and functional consequences observed in isolated proteins to cell and organ level function are areas of focus for future improvements.



Mathematical modeling and simulation to explore effects of VUS on higher level function

Computer modeling may be able to complement the experimental techniques described above and eventually be scaled to test a large number of VUS in short time. The primary goal would be to develop a framework that can predict whether a variant will lead to clinically significant organ-level dysfunction. Once that is accomplished, it might be possible to extend the framework to test potential therapeutic interventions.

Both sarcomere (83–85) and organ-level (85, 86) modeling have rich histories but screening cMyBPC VUS is particularly challenging. In particular, the computer model will need to span from molecular events that occur with timescales of milliseconds to organ-level growth that takes place over weeks and months (87). Numerous challenges will need to be overcome.

We will take cMyBPC as an example. At the sarcomere level, the computer model will need to reproduce the effects of cMyBPC VUS on myofilament level function. At present, cMyBPC is thought to modulate contractile function in two ways: by stabilizing myosin heads in their functional OFF or super-relaxed state, and by extending towards and subsequently binding to thin filaments, which can alter its regulatory state. These competing effects are further complicated by the fact that cMyBPC is localized to distinct regions of thick filaments so that some myosin heads are likely to be directly impacted by cMyBPC while others are left unaffected. Recent structural data suggests that even within the C-zone, each of the three crowns within the thick filament's 43 nm repeat could interact with cMyBPC in a different way (88, 89). Different strategies for simulating these interactions exist (90) but spatially-explicit models that track the location and status of individual molecules in the filament lattice arguably provide the most direct approach (91–93). This area of work remains relatively underdeveloped, but there are published simulations performed using the FiberSim framework that predict how different modes of cMyBPC function will impact myofilament contractile function (94).

Scaling towards the organ level provides additional challenges because of the heart's complex shape and motion during the cardiac cycle. The most common approach is to use finite element modeling, but this technique is very computationally demanding. As a result, most organ-level models are based on very simple contraction modules that are unable to capture the complexity of cMyBPC effects. One approach would be to embed a spatially explicit system like FiberSim (94) inside each element of a complex 3D model, but these calculations will have to be optimized for wide-spread deployment. A simpler alternative is to drive an organ-level model like CircAdapt (95) with a sarcomere-level system that can capture cMyBPC's effects.

One of the remaining challenges is how to simulate growth. By definition, individuals with HCM have abnormally thick ventricular walls. Ideally, the modeling framework would be able to capture that thickening so that benign variants of cMyBPC lead to hearts of normal size while pathogenic mutations produce walls that thicken over time. This is another area of cutting-edge research, and the technology is advancing rapidly (96). Most models to date have used macroscopic variables, such as stress or strain, to drive growth but recent studies (97) suggest that intrinsic sarcomere-level contractility may be a better predictor of wall thickening. Whether eccentric growth (changes in chamber diameter) is paired directly to concentric growth (changes in wall thickness) remains unclear.

In summary, computer modeling has the potential to help bridge the gap between genetic variants and predictions of clinically important phenotypes (Figure 2). This will require bridging multiple structural and temporal scales, but important components of the framework already exist at each level. The main challenge will be developing a system that links the disparate scales together.
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FIGURE 2
Mathematical modeling and simulation framework for HCM-associated VUS in cardiac MyBPC. The left-hand panels illustrate a multiscale system in which a sarcomere-level model of myofilament function is embedded inside a ventricle and pumps blood around a closed circulation. Growth can be added to this framework by allowing myocytes to add myofibrils in parallel (concentric growth, wall thickening) or to add sarcomeres in series (eccentric growth, chamber dilation). If the approach is to be useful for testing the potential impact of VUS, the sarcomere-level model must reproduce the different potential biophysical actions of cardiac MyBPC.




Discussion and perspectives

The key issues regarding variants of uncertain significance are the huge numbers of variants identified with genome sequencing technology, difficulty in interpretation, and lack of use in clinical decision making. We reviewed various existing basic science tools and emerging frameworks to address some of these limitations facing VUS interpretation, and how these technologies can be applied to characterize or reclassify HCM-causing VUS. Although there are still many limitations of various algorithms and techniques mentioned, it may provide a conceptual workflow to guide future work in elucidating the functional role of a VUS in HCM. There are other basic science methods not reviewed here that may be applicable as well (e.g., rapid animal model generation and testing) (98–100). By utilizing advanced computational techniques and simulation, high throughput in vitro methods, and multi-level mathematical modeling, the improved characterization of HCM VUS will facilitate better medical decision making, improve risk stratification, and allow personalized treatment options. The exploration of VUS causing HCM may also lay the foundation for further detailed in vivo functional experiments or clinical trials to evaluate evidence-based therapies.
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Background and objective: Whole body manipulation of the renin-angiotensin system (RAS) consistently exerts profound effects on experimental atherosclerosis development. A deficit in the literature has been a lack of attention to the effects of sex. Also, based on data with gene-deleted mice, the site of RAS activity that influences lesion formation is at an unknown distant location. Since angiotensin (AngII) concentrations are high in kidney and the major components of the RAS are present in renal proximal tubule cells (PTCs), this study evaluated the role of the RAS in PTCs in atherosclerosis development.



Methods and results: Mice with an LDL receptor −/− background were fed Western diet to induce hypercholesterolemia and atherosclerosis. We first demonstrated the role of AT1 receptor antagonism on atherosclerosis in both sexes. Losartan, an AngII type 1 (AT1) receptor blocker, had greater blood pressure-lowering effects in females than males, but equivalent effects between sexes in reducing atherosclerotic lesion size. To determine the roles of renal AT1a receptor and angiotensin-converting enzyme (ACE), either component was deleted in PTCs after weaning using a tamoxifen-inducible Cre expressed under the control of an Ndrg1 promoter. Despite profound deletion of AT1a receptor or ACE in PTCs, the absence of either protein did not influence development of atherosclerosis in either sex. Conversely, mice expressing human angiotensinogen and renin in PTCs or expressing human angiotensinogen in liver but human renin in PTCs did not change atherosclerotic lesion size in male mice.



Conclusion: Whole-body AT1R inhibition reduced atherosclerosis equivalently in both male and female mice; however, PTC-specific manipulation of the RAS components had no effects on hypercholesterolemia-induced atherosclerosis.
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angiotensin, angiotensinogen, renin, angiotensin-converting enzyme, AT1 receptor, atherosclerosis, kidney, proximal tubules





Introduction

Angiotensin II (AngII) is the principal bioactive peptide of the renin-angiotensin system (RAS), which is produced from angiotensinogen (AGT) through sequential cleavage by renin and angiotensin-converting enzyme (ACE). AngII is a potent contributor to atherosclerosis through binding to AngII type 1 receptor (AT1R in humans and AT1aR in mice). Sex differences in atherosclerosis have been noted in previous studies (1). However, most mouse studies focus on effects of the RAS components on atherosclerosis in male mice, while there is a paucity of studies that performed simultaneous comparisons of the efficacy of RAS inhibition on atherosclerosis in both male and female mice.

Whole body manipulation of the RAS has generated a highly consistent literature on its role in regulating experimental atherosclerosis (2, 3). However, there has not been a clearly defined location for the production of AngII that influences atherosclerosis or the cellular location for activation of AT1aR to promote the disease. The RAS components are present throughout the body. Classically, the principal location for producing AngII has been liver for AGT, renal juxtaglomerular cells for renin, and lung for ACE (4). Of note, many tissues and cell types have AT1aR and every component to generate AngII. These RAS components are also present in atherosclerotic lesions and resident cell types of the vascular wall (5–9). Although one prevailing hypothesis has been that the RAS in circulating leukocytes and/or resident cell types of the vessel wall exerts an important role in atherosclerosis (5–9), deletion of AT1aR on macrophages (a major cell type in atherosclerosis) or resident cell types of the arterial wall does not affect atherosclerosis (9–11), indicating that AngII-AT1aR stimulation may not act directly on the vascular wall to promote atherosclerosis.

Our studies have demonstrated that either whole-body or liver-specific inhibition of AGT synthesis decreases atherosclerosis and reduces renal, but not plasma, AngII concentrations (12–14). Further, inhibition of megalin, an endocytic receptor for many molecules including AGT and renin on renal proximal tubules, results in profound reductions of renal AngII concentrations and atherosclerosis (12). Although these findings implicate that the renal RAS contributes to atherosclerosis, there has no direct evidence to support this hypothesis. Since AT1aR and ACE are abundant in renal proximal tubule cells (PTCs), the present study used an inducible PTC-specific genetic mouse strain to delete either AT1aR or ACE in PTCs and determined whether deleting either component affects hypercholesterolemia-induced atherosclerosis in LDL receptor −/− mice. In addition to genetic deletion of AT1aR or ACE, we manipulated AGT and renin by implementing human AGT and renin transgenes in PTCs (15) or human AGT in liver with human renin in PTCs of LDL receptor −/− mice.



Materials and methods

Detailed Materials and Methods are available in the manuscript or the online-only Data Supplement. The data that support the findings reported in this manuscript are available in the Supplementary Excel File.


Animals

LDL receptor −/− (Stock # 002207), ROSA26RLacZ (Stock # 003474), and ROSA26RmT/mG (Stock # 007676) mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Agtr1a (Angiotensin II type 1a receptor) floxed (Agtr1a f/f) mice (10, 16) and Ace (angiotensin-converting enzyme) floxed (Ace f/f) mice (17, 18) were developed by the authors and maintained for in house breeding. Ndrg1-CreERT2 breeding pairs were provided by Dr. Motoko Yanagita at Kyoto University in Japan (19). Transgenic mice expressing human AGT or human renin in PTCs driven by a kidney androgen-related protein promoter (Kap-hAGT and Kap-hREN, respectively) were provided by Dr. Curt Sigmund (15, 20).

The breeding strategy for generating PTC-specific AT1aR or ACE deficient mice are shown in Table 1.


TABLE 1 Breeding strategy for Agtr1a f/f or Ace f/f × Ndrg1-CreERT2 mice.

[image: Table 1]

To validate Ndrg1-Cre specificity, male Ndrg1-CreERT2 mice were bred with either female ROSA26RLacZ or ROSA26RmT/mG mice to generate ROSA26RLacZ × Ndrg1-CreERT2 or mT/mG × Ndrg1-CreERT2 mice. To induce Cre activity, mice at 4–6 weeks of age were injected intraperitoneally with tamoxifen (150 mg/kg/day) for five consecutive days. Genotypes were determined prior to weaning and verified after termination by PCR of Cre transgene.

All mice were maintained in a barrier facility on a light:dark cycle of 14:10 h and fed a normal mouse laboratory diet after weaning. All study mice for atherosclerosis were in an LDL receptor −/− background. For mice containing Ndrg1-CreERT2 transgene, to induce Cre activity, mice at 4–6 weeks of age were injected intraperitoneally with tamoxifen 150 mg/kg/day for 5 days. Two weeks after the last injection of tamoxifen, mice were fed a diet containing saturated fat (milk fat 21% wt/wt) and cholesterol (0.2% wt/wt; Diet # TD.88137, Envigo, termed “Western diet”). Since we hypothesized that PTC-specific deletion of AT1aR or ACE would reduce atherosclerosis, we fed these mice Western diet for 12 weeks. This feeding duration leads to profound atherosclerosis in the ascending and arch aortic region as reported previously (11, 21–23).

To activate human AGT and/or renin transgenes in PTCs, testosterone pellets (20 mg/pellet for 90-day release or 15 mg/pellet for 60-day release) were implanted subcutaneously. Two weeks later, all mice were fed Western diet for either 8 or 6 weeks. LDL receptor −/− mice fed Western diet for 6–8 weeks have early to intermediate stages of atherosclerosis. We hypothesized that increased human AGT and renin in PTCs leads to augmentation of atherosclerosis. Therefore, a shorter duration of Western diet feeding (either 6 or 8 weeks) was used.

To induce synthesis of human AGT in hepatocytes, an adeno-associated viral vector (AAV; 3 × 1010 genome copies/mouse) serotype 2/8 containing human AGT with a liver-specific promoter thyroxine-binding globulin (TBG) was injected intraperitoneally. Three groups of male littermates were administered testosterone to activate human renin expression in PTCs: (1) wild type mice administered null.AAVs, (2) Kap-hREN transgenic mice administered null.AAVs, and (3) Kap-hREN transgenic mice administered AAVs containing human AGT.

Both male and female mice were used for the experiments reported in this manuscript following the recent ATVB Council Statement (23) except for the data reported in Figures 5, 6. Testosterone administration is required to activate human AGT or renin transgene. Shortly after testosterone pellet implantation, many female mice suffered from uterine prolapse that required euthanasia prior to the endpoint. Therefore, we excluded female mice for studies presented in Figures 5, 6. Euthanasia before the endpoint was performed using CO2 (fill rate >50% of the chamber volume/minute) followed by cervical dislocation.
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FIGURE 5
Human AGT and renin in PTCs had no effect on atherosclerosis in hypercholesterolemic mice. (A) Experimental protocol, (B) qPCR of renal human AGT (hAGT), (C) qPCR of renal human renin (hREN), (D) immunostaining of human AGT (hAGT) in kidney, (E) plasma renin concentrations (PRC), (F) systolic blood pressure (SBP), (G) plasma total cholesterol concentrations (TC), and (H) percent atherosclerotic lesion area. N = 3–6/group. Mann–Whitney U test was performed to determine the difference in the abundance of renal hAGT (B) or hREN (C) mRNA between two groups. Kruskal–Wallis one-way ANOVA on Ranks test was performed to determine the difference in each parameter among four groups (E–H). ND, not detectable; G, glomerulus.
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FIGURE 6
Human AGT in liver and human renin in PTCs had no effect on atherosclerosis in hypercholesterolemic mice. (A) Experimental protocol, (B) qPCR of renal human AGT (hAGT), (C) ELISA of plasma human AGT (hAGT), (D) immunostaining of human AGT (hAGT) in kidney, (E) qPCR of renal human renin (hREN), (F) RNAscope of human renin (hREN) in kidney, (G) plasma renin concentrations (PRC), (H) systolic blood pressure (SBP), (I) plasma total cholesterol concentrations (TC), and (J) percent atherosclerotic lesion area. N = 7–9/group. Mann–Whitney U test was performed to compare renal abundance of hREN mRNA between two Kap-hREN transgenic mouse groups (E) Kruskal–Wallis one-way ANOVA on Ranks test (G–I) or one-way ANOVA test (J) was performed to compare each parameter among the three groups. ND, not detectable; G, glomerulus; PTC, proximal tubule cells.


At termination, mice were euthanized by a ketamine (90 mg/kg) and xylazine (10 mg/kg) cocktail. All animal studies performed were approved by the University of Kentucky Institutional Animal Care and Use Committee (Protocol number 2018–2968).



Administration of losartan

Mini osmotic minipumps (Alzet Model 1004, Durect Corporation) filled with either water (vehicle) or losartan (12.5 mg/kg/day, Cat # 61188, MilliporeSigma) were implanted subcutaneously into LDL receptor −/− mice, as described in our previous studies (24). After anesthetized using inhaled isoflurane (2%–3% vol/vol), mice at ∼9–10 weeks of age were implanted with mini osmotic pumps. Pumps were replaced after 4 and 8 weeks of the first pump implantation. All mice were fed Western diet for 12 weeks starting one day after the first pump implantation.



Plasma profiles

Blood samples were collected with EDTA (final concentration: ∼1.8 mg/ml) by submandibular bleeding during experiments and right ventricular punctures at termination. Then, plasma was collected by centrifugation at 3,000 rcf for 10 min, 4°C, and stored at −80°C. Plasma renin concentrations were evaluated by quantifying AngI generation after incubation with exogenous recombinant mouse AGT in the presence of EDTA (Cat # 51201, Lonza, final concentration: ∼14 mM) and PMSF for 60 min at 37°C. The reaction was terminated by placing samples at 100°C for 5 min and generated AngI was measured using a plasma renin activity ELISA kit (Cat # IB59131, IBL America). Plasma total cholesterol concentrations were measured using a commercial enzymatic kit (Cat # 999–02601, Wako Chemicals USA or Cat # C7510–120, Pointe Scientific).



Blood pressure measurement

Systolic blood pressure was measured on conscious mice by a non-invasive tail-cuff system (BP-2000, Visitech) following our standard protocol (25). Data were collected at the same time each day for three consecutive days. Criteria for accepted data were systolic blood pressure between 70 and 200 mmHg and standard deviation <30 mmHg for at least 5 successful recorded data/mouse/day. The mean systolic blood pressure of each mouse from the 3-day measurements was used for data analysis.



Quantification of atherosclerosis

Atherosclerotic lesions were evaluated on the intimal surface area of the aorta with an en face method following the AHA Statement (23) and our standard protocol (22). Briefly, the aorta was dissected and fixed with neutrally buffered formalin (10% wt/vol) overnight at room temperature. Periaortic tissues were removed gently. Then the intimal surface was exposed by a longitudinal cut, and pinned on a black wax surface. Images of en face aortas were taken using a Nikon digital camera (Nikon digital sight DS-Ri1) with a mm ruler for calibration. Lesions were traced manually from the beginning of the ascending region to the descending aortic region that is 1 mm distal from the left subclavian artery using Nikon NIS-Elements software (NIS-Elements AR 5.11.00.) under a dissecting microscope. Lesion size was calculated as percent lesion area using the following formula.

[image: Inline Image]



Cryosectioning and imaging of mouse kidneys

Isolated whole kidneys from ROSA26RmT/mG × Ndrg1-CreERT2 mice were placed immediately in paraformaldehyde (PFA, 4% wt/vol) solution and fixed overnight. Following fixation, kidneys were incubated with 30% sucrose at 4°C overnight and embedded in O.C.T. for cryosectioning. Tissues were cut (10 µm/section) on a Leica CM1860 cryostat (Leica Biosystems). After washing with PBS, sections were mounted with mounting media containing DAPI, and images were captured using Axioscan 1 or 7 (Zeiss) or a confocal microscope (A1 HD25/A1R HD25, Nikon).



RNA isolation and quantitative PCR

Total RNA of the renal cortex was extracted using a commercial kit (Cat # AS1340, Promega) configured with a Maxwell RSC Instrument (Promega). To quantify mRNA abundance, total RNA was reversely transcribed with an iScript™ cDNA Synthesis kit (Cat # 170–8891, Bio-Rad), and quantitative PCR (qPCR) was performed using a SsoFast™ EvaGreen® Supermix kit (Cat # 172–5204, Bio-Rad) on a Bio-Rad CFX96 real-time system. Data were analyzed using ΔΔCt method and normalized by the geometric mean of 3 reference genes [Actb, Gapdh, and Rplp2 (or Ppia)].



In situ hybridization

The distribution of mouse Agtr1a and human renin (hREN) mRNA in kidney tissue sections was examined by RNAscope® following the manufacturer's instructions (Advanced Cell Diagnostics). After fixation using 4% PFA, kidney tissues were processed and embedded into paraffin, and cut at a thickness of 4 µm. Subsequently, sections were deparaffinized using xylene followed by 2 washes with absolute ethanol. Target retrieval (Cat # 26043–05) was performed for 30 min at 100°C, and followed by a protease (Cat # 322331) incubation step for 15 min at 40°C. Target mRNA was hybridized with mouse Agtr1a (Cat # 481161) or human REN probe (Cat # 401921) for 2 h at 40°C, and amplified signals were detected using diaminobenzidine (Cat # 322310). Hematoxylin was used to stain nuclei. Images were captured using a Nikon Eclipse Ni microscope or Zeiss Axioscan 1 or 7.



Immunostaining

Immunostaining was performed on paraffin-embedded sections (4 µm) to determine the distribution of mouse ACE and human AGT in the kidney. Deparaffinized sections were incubated with an antigen retrieval reagent (Cat # HK547-XAK; BioGenex) for 20 min at 90°C. Non-specific binding sites were blocked using goat serum for 20 min at room temperature. Sections were then incubated with rabbit anti-mouse ACE antibody (Cat # ab254222; abcam) or anti-human AGT antibody (Cat # ab276132; abcam) diluted in primary antibody diluent (Cat #: GTX28208; GeneTex) for 12 h at 4°C. Goat anti-rabbit IgG conjugated with horseradish peroxidase (Cat # MP-7451; Vector laboratories) was used as the secondary antibody. ImmPACT® AEC (Cat # SK4205; Vector) was used as the chromogen, and hematoxylin (Cat # 26043–05; Electron Microscopy Sciences) was used for counterstaining. Histological images were captured using either an Eclipse Ni microscope or Zeiss Axioscan 1 or 7.



Statistical analysis

All statistical analyses were performed using SigmaPlot 14.5 or 15 or R Statistical Software (v4.1.1; R Core Team 2021). The assumption of normality was examined using QQ-plot and Shapiro–Wilk test. The homogeneous group variance assumption was assessed by Bartlett test. In studies including both sexes, two-way ANOVA was used to evaluate the interaction between sex and treatment or genotypes, and compare mean difference between groups in each sex, and P-value was adjusted using the Bonferroni method in the post hoc test. Non-normal distributed data were log-transformed to meet the normal distribution assumption. When heteroscedasticity was present, White-corrected covariance matrix was incorporated into the two-way ANOVA. In studies using only male mice with N ≤5/group, Mann–Whitney U test and Kruskal–Wallis one-way ANOVA on Ranks test were used in comparisons between two groups and among three- or four-groups, respectively. For N >5/group, mean comparisons were performed by one-way ANOVA test or Kruskal–Wallis one-way ANOVA on Ranks test depending on data distribution. P < 0.05 was considered statistically significant.




Results


Losartan reduced atherosclerosis in male and female hypercholesterolemic mice

Losartan inhibits both AT1aR and AT1bR, although our previous study demonstrated that AT1aR, but not AT1bR, contributes to atherosclerosis in mice (26). Losartan reduced atherosclerotic lesions in a dose-dependent manner (21). Losartan (12.5 mg/kg/day) led to a modest reduction of systolic blood pressure and atherosclerosis in male hypercholesterolemic mice, as demonstrated previously (21). To examine whether losartan had equivalent responses between sexes, male and female LDL receptor −/− mice were fed Western diet and infused with either water (Vehicle) or losartan (12.5 mg/kg/day) for 12 weeks.

Losartan significantly increased plasma renin concentrations and decreased systolic blood pressure in both sexes (Figures 1A,B). Of note, losartan led to more profound increases of plasma renin concentrations and greater reduction of systolic blood pressure in female than in male mice (Figures 1A,B). Losartan did not change plasma total cholesterol concentrations in either male or female mice (Figure 1C), but attenuated atherosclerotic lesion size equivalently in male and female mice (Figure 1D). This study provides direct evidence that AT1R blockade has comparable effects on atherosclerosis in both sexes.
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FIGURE 1
Losartan reduced systolic blood pressure and attenuated atherosclerosis in both male and female LDL receptor −/− mice. Both male and female LDL receptor −/− mice were fed Western diet and infused with either vehicle or losartan (12.5 mg/kg/day) for 12 weeks. N = 9–10/group. (A) Plasma renin concentrations (PRC), (B) systolic blood pressure (SBP), (C) plasma total cholesterol concentrations (TC), and (D) percent atherosclerotic lesion area. Data of PRC was log-transformed to meet normal distribution assumptions for statistical analysis. Two-way ANOVA was used to evaluate the interaction between sex and treatment. P-value was adjusted using the Bonferroni method in the post hoc test that examined the effect of losartan on each parameter in both sexes. P (sex × treatment) = 0.008 for (A) and 0.001 for (B), respectively.




Validation of PTC-specific deletion induced by Ndrg1-CreERT2 activation

Genotyping of Cre was determined for all study mice (Figure 2A). To determine the specificity of Ndrg1-driven Cre, Ndrg1-CreERT2+/0 mice were bred with either ROSA26RLacZ or ROSA26RmT/mG reporter mice. These mice at 4–6 weeks of age were injected with 150 mg/kg/day of tamoxifen for 5 consecutive days. Kidneys were harvested at 2 weeks after completion of tamoxifen injection. X-gal staining revealed the presence of β-galactosidase activity predominantly in renal cortex of ROSA26RLacZ × Ndrg1-CreERT2+/0 mice (Figure 2B). In kidneys from ROSA26RmT/mG × Ndrg1-CreERT2+/0 mice, fluorescent images were captured using a confocal microscope. tdTomato was exclusively expressed in all renal cells in ROSA26RmT/mG × Ndrg1-CreERT20/0 mice, while Cre activation in ROSA26RmT/mG × Ndrg1-CreERT2+/0 mice induced EGFP expression on proximal tubules, including proximal convoluted tubules and some proximal straight tubules. These results confirm that Ndrg1-driven Cre is predominantly expressed in proximal convoluted tubules (S1 and S2) of Ndrg1-CreERT2+/0 mice (Figure 2C), consistent with what was reported by Endo and colleagues (19).
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FIGURE 2
Validation of Ndrg1-Cre activation and distribution. Ndrg1-CreERT20/0 and Ndrg1-CreERT2+/0 mice were injected intraperitoneally with tamoxifen 150 mg/kg/day for 5 consecutive days. Kidneys were harvested two weeks after the completion of tamoxifen injection. (A) PCR for detecting Cre recombinase in tail DNA, (B) X-gal staining of mouse kidneys, and (C) membrane-localized tdTomato and EGFP proteins detected by confocal microscopy in kidney sections.




AT1aR deletion in renal PTCs had no effect on atherosclerosis in both male and female mice

To examine whether AT1aR in PTCs contributes to atherosclerosis, PTC-AT1aR−/− mice and their wild type littermates in an LDL receptor −/− background were fed Western diet for 12 weeks beginning 2 weeks after completion of tamoxifen injection (Figure 3A). Renal mRNA abundance of Agtr1a in PTC-AT1aR−/− mice was approximately 45% of that in their PCT-AT1aR+/+ littermates (Figure 3B). Unfortunately, no antibodies have been demonstrated to authentic staining of AT1aR protein in mice (27–30). As an alternative mode of verifying PTC-specific AT1aR deletion in PTC-AT1aR−/− mice after Cre activation, we performed RNAscope using paraffin-embedded renal sections. AT1aR mRNAs were detected in PTCs, glomeruli, and interstitial cells of PTC-AT1aR+/+ mice (Figure 3C), consistent with previous reports (31). While mRNA of Agtr1a in glomeruli and interstitial cells was observed, its mRNA in PTCs was not detected in PTC-AT1aR−/− mice (Figure 3C). These results confirm that Ndrg1-Cre activation led to effective AT1aR deletion in PTCs of PTC-AT1aR−/− mice.
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FIGURE 3
AT1aR deletion in PTCs had no effect on atherosclerosis in hypercholesterolemic mice. (A) Experimental protocol, (B) qPCR of renal Agtr1a, (C) RNAscope of renal Agtr1a, (D) plasma renin concentrations (PRC), (E) systolic blood pressure (SBP), (F) plasma total cholesterol concentrations (TC), and (G) percent atherosclerotic lesion area. N = 11–13/group. Two-way ANOVA was used to evaluate the interaction between sex and treatment (B,D–G). P-value was adjusted using the Bonferroni method in the post hoc test that examined the effect of AT1aR deletion in PTCs. G, glomerulus; PTC, proximal tubule cells.


Plasma renin concentrations (Figure 3D) and systolic blood pressure (Figure 3E) were not different between PCT-AT1aR+/+ and PCT-AT1aR−/− littermates within each sex. Western diet induced hypercholesterolemia in both sexes, but plasma total cholesterol concentrations were not different (Figure 3F) and percent atherosclerotic lesion area was equivalent between the two genotypes within each sex (Figure 3G).



Renal PTC-specific deletion of ACE did not affect atherosclerosis in both male and female mice

To determine whether ACE in PTCs contributed to atherosclerosis, PTC-ACE−/− mice and their PTC-ACE+/+ littermates in an LDL receptor −/− background were fed Western diet for 12 weeks beginning at 2 weeks after completion of tamoxifen injection (Figure 4A). Renal mRNA abundance of ACE was 60% lower in male and 40% lower in female PTC-ACE−/− mice, compared to their sex- and age-matched PTC-ACE+/+ littermates, respectively (Figure 4B). Deletion of ACE protein in PTCs was also confirmed by immunostaining of ACE in kidney (Figure 4C). PTC-specific ACE deletion did not change systolic blood pressure in either male or female mice (Figure 4D). Western diet induced hypercholesterolemia in both male and female mice. Plasma total cholesterol concentrations were comparable between the two genotypes in either sex (Figure 4E). Despite the profound deletion of ACE in PTCs, atherosclerotic lesion size was not reduced in either sex (Figure 4F).
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FIGURE 4
ACE deletion in PTCs had no effect on atherosclerosis in hypercholesterolemic mice. (A) Experimental protocol, (B) qPCR of renal Ace, (C) immunostaining of ACE in kidney, (D) systolic blood pressure (SBP), (E) plasma total cholesterol concentrations (TC), and (F) percent atherosclerotic lesion area. N = 7–13/group. Two-way ANOVA was used to evaluate the interaction between sex and genotypes (B,D–F). White-corrected covariance matrix was incorporated into the two-way ANOVA for analyzing data with heteroscedasticity (B,E). G, glomerulus; PTC, proximal tubule cells; V, vessel.




Presence of human AGT and human renin in renal PTCs had no effect on atherosclerosis in male mice

To activate human AGT and/or renin transgene in PTCs, testosterone pellets were implanted subcutaneously (Figure 5A). To examine whether co-presence of human AGT and renin in PTCs contributed to atherosclerosis, Kap-hAGT, Kap-hREN, Kap-hAGT × Kap-hREN, and their wild type littermates in an LDL receptor −/− background were fed Western diet for 8 weeks beginning two weeks after testosterone pellet implantation. As confirmed by qPCR of human AGT in mouse kidney (Figure 5B), mRNA abundance of human AGT was high in mice with Kap-hAGT or Kap-hAGT × Kap-hREN, but not detectable in mice with Kap-hREN or their wild type littermates. mRNA abundance of human renin (Figure 5C) was high in mice with Kap-hREN or Kap-hAGT × Kap-hREN, but not detectable in mice with Kap-hAGT or their wild type littermates. Presence of human AGT protein was also confirmed by immunostaining of human AGT that does not have cross-reaction with mouse AGT (Figure 5D). Unfortunately, we were not able to demonstrate the presence of human renin since human renin antibodies have cross-reactivity with mouse renin. Plasma renin concentrations (Figure 5E) and systolic blood pressure (Figure 5F) were not different among groups. Western diet induced hypercholesterolemia in all mice. Plasma total cholesterol concentrations (Figure 5G) were not different among groups. Presence of human AGT, human renin, or both human AGT and renin in PTCs did not augment atherosclerotic lesions (Figure 5H).



Population of human AGT in liver and human renin in renal PTCs had no effect on atherosclerosis in male mice

Liver AGT is the major contributor to atherosclerosis and liver supplies AGT to renal proximal tubules (13, 32–34). Therefore, we populated human AGT in hepatocytes by intraperitoneally injecting an AAV encoding human AGT (Figure 6A). Since human AGT cannot be cleaved by mouse renin to produce AngI (35), we used Kap-hREN transgenic mice to express human renin specifically in PTCs. To activate human renin transgene in PTCs, testosterone pellets were implanted subcutaneously. Two weeks after administration of testosterone and AAVs, mice were fed Western diet for 6 weeks. mRNA of hAGT in liver (Figure 6B) and human AGT protein in plasma (Figure 6C) were only detected in mice infected with hAGT.AAVs. The presence of human AGT in mice infected with hAGT.AAVs was confirmed by immunostaining of human AGT in kidney sections of mice, supporting that human AGT protein was retained in mouse PTCs (Figure 6D). mRNA abundance of human renin was high in Kap-hREN mice, but it was not detected in mice without human renin transgene (Figure 6E). The presence of hREN mRNA in PTCs was also evaluated by RNAscope. Since the probe has a cross-reactivity for mouse renin, juxtaglomerular apparatus of both Kap-hREN transgenic mice and their wild-type littermate mice showed positive staining; however, positive staining of hREN in PTCs exhibited only in Kap-hREN transgenic mice (Figure 6F). Induction of human AGT in liver and human renin in PTCs did not change mouse plasma renin concentrations (Figure 6G) or systolic blood pressure (Figure 6H). All mice were equivalently hypercholesterolemic (Figure 6I) with indistinguishable atherosclerotic lesion size among the 3 groups (Figure 6J).




Discussion

The present study has three major findings. First, pharmacological inhibition of AT1R by losartan attenuates atherosclerosis in both male and female mice equivalently, although losartan suppresses blood pressure and increases plasma renin concentrations more profoundly in female mice. Second, inducible PTC-specific AT1aR or ACE deletion does not affect systolic blood pressure and atherosclerosis in hypercholesterolemic mice. Third, presence of human AGT and renin in PTCs does not augment atherosclerosis in mice.

AT1 receptor blockers (ARBs) have been used widely to treat high blood pressure and atherosclerosis in both men and women (36, 37). Human and rodent studies implicate that females might be more sensitive to the blood pressure-lowering effects of ARBs. We found that 12.5 mg/kg/d of losartan led to enhanced reductions of blood pressure in female mice, although systolic blood pressure in vehicle group between the two sexes was comparable. It is also interesting that losartan led to higher plasma renin concentrations in female mice than in male mice, implicating stronger negative feedback on AngII and AT1aR interaction in female mice.

Consistent with the effects of ARBs on blood pressure, genetic whole body AT1aR deletion in mice reduced blood pressure. Three studies reported effects of AT1aR deletion in PTCs on blood pressure in mice (38–40). Constitutive deletion of AT1aR on PTCs using Pepck-Cre (38) or Sglt2-Cre (39) resulted in lower systolic blood pressure, compared to their relative wild type mice; however, blood pressure was higher in mice with PTC-specific deletion of AT1aR than in mice with global AT1aR deletion, indicating that AT1aR in PTCs is not the only contributor to AngII-mediated blood pressure regulation (39). In contrast to blood pressure changes in mice with constitutive PTC-specific AT1aR deletion, testosterone inducible PTC-specific AT1aR deletion in adult mice by Kap-Cre did not affect blood pressure (40). This result is consistent with data from using tamoxifen-inducible Ndrg1-CreERT2+/0 to delete AT1aR on PTCs in adult mice. One possibility is that constitutive vs. inducible deletion of AT1aR may have differential effects on blood pressure regulation. PTCs are composed of two different segments, proximal convoluted tubules (PCTs) and proximal straight tubules (PSTs). X-gal staining illustrated that Cre activity is present in ∼70% of PCTs and all PSTs in ROSA26RLacZ × Pepck-Cre+/0 mice (41). Sglt2-Cre activity was detected in 96% of all PTCs as defined by an anti-megalin antibody (42). Kap-Cre is mainly expressed in PTCs of the outer medulla, namely, PSTs (40, 43). We and Endo et al. found that Ndrg1-Cre predominantly leads to genetic deletions in PCTs (19). These results indicate that Pepck-Cre and Sglt2-Cre are more widely expressed in PTCs, compared to Ndrg1-Cre and Kap-Cre. Therefore, discrepancies of the blood pressure data may also relate to the magnitude of AT1aR deletion in renal proximal tubules.

Hypercholesterolemia leads to the RAS activation and promotes atherosclerosis (3, 44). There is a highly consistent literature that inhibition of ACE (21, 45, 46) or blockade of AT1R (21, 47, 48) have protective effects on hypercholesterolemia-induced atherosclerosis, although most studies only reported male mice. In one study, olmesartan (0.5 or 3 mg/kg/day) was administered to both male and female ApoE (apolipoprotein E) −/− mice fed a high cholesterol diet (49). The dose 0.5 mg/kg/day of olmesartan modestly reduced atherosclerosis in female mice, while 3 mg/kg/day reduced atherosclerosis equivalently in both sexes. In contrast to this study, Zhou et al. reported that female ApoE −/− mice had larger atherosclerotic lesions than male mice, and losartan (5 or 25 mg/kg/day) attenuated atherosclerosis only in female, but not in male, mice (50). We used LDL receptor −/− mice fed Western diet for 12 weeks. Despite the more profound blood pressure reduction in female mice, atherosclerotic lesion area was not different between male and female mice administered losartan. Our findings, in a study that has been performed simultaneously in both male and female mice, are consistent with losartan reducing atherosclerosis independent of blood pressure and sex. However, the mechanisms related to the different regulation of blood pressure and atherosclerosis remain to be defined.

Inhibition of the RAS components attenuates atherosclerosis with reductions in concentrations of renal AngII (12, 14, 21). Despite the associations between renal AngII and atherosclerosis, there has not been a determination whether manipulations in the renal RAS directly impact atherosclerosis. The present study provided direct evidence that AT1aR or ACE deletion on PTCs in adult mice does not affect hypercholesterolemia-induced atherosclerosis. Data generated by RNAscope demonstrated that Agtr1a mRNA is present in PTCs, glomeruli, and interstitial cells. AT1aR on podocytes and mesangial cells in glomeruli is important for the homeostasis of the glomerular wall, and interstitial cells communicate with PTCs through a paracrine system (51, 52). As shown by immunostaining, ACE is present predominantly in S3 of PTCs, whereas Ndrg1-Cre activation predominantly targets PCTs, but has a modest effect on PSTs. In addition to PTCs, ACE is abundant in endothelial cells of glomeruli and renal vessels. Our previous study has demonstrated that deletion of AT1aR or ACE on endothelial cells does not contribute to atherosclerosis (10, 17). Therefore, we do not predict that the presence of AT1aR or ACE on endothelial cells would affect atherosclerosis in PTC-specific AT1aR or ACE deficient mice. However, the present study cannot rule out that deletion of AT1aR or ACE in the entire kidney contributes to atherosclerosis. Unfortunately, there are no optimal mouse models available to study whether AT1aR or ACE in the whole kidney contributes to hypercholesterolemia-induced atherosclerosis.

Consistent with our findings of genetic deletion, increases of human AGT and renin in PTCs, with either direct increases of human AGT in PTCs (transgenic approach) or via population of human AGT in liver (AAV approach), has no effects on atherosclerosis in hypercholesterolemic mice. Although we have confirmed the high abundance of human AGT protein, we were not able to confirm whether human renin protein was highly abundant in PTCs due to lack of renin antibody specifically targeting human renin. We have also not been able to determine whether human AGT and renin could increase AngII in PTCs. Further studies on whether renal renin-angiotensin components affect atherosclerosis by deletion or increase of either renal AT1aR or AngII production in whole kidney will be considered when appropriate transgenic mice are available.

In summary, losartan leads to different magnitude of responsiveness on plasma renin concentrations and blood pressure between male and female mice, but comparable reductions in atherosclerosis in both sexes. Inducible PTC-specific deletion of AT1aR or ACE or increases of human AGT and renin in adult mice does not affect blood pressure and atherosclerosis in hypercholesterolemic mice.
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Background: Correlations between posttranslational modifications and atrial fibrillation (AF) have been demonstrated in recent studies. However, it is still unclear whether and how ubiquitylated proteins relate to AF in the left atrial appendage of patients with AF and valvular heart disease.



Methods: Through LC–MS/MS analyses, we performed a study on tissues from eighteen subjects (9 with sinus rhythm and 9 with AF) who underwent cardiac valvular surgery. Specifically, we explored the ubiquitination profiles of left atrial appendage samples.



Results: In summary, after the quantification ratios for the upregulated and downregulated ubiquitination cutoff values were set at >1.5 and <1:1.5, respectively, a total of 271 sites in 162 proteins exhibiting upregulated ubiquitination and 467 sites in 156 proteins exhibiting downregulated ubiquitination were identified. The ubiquitylated proteins in the AF samples were enriched in proteins associated with ribosomes, hypertrophic cardiomyopathy (HCM), glycolysis, and endocytosis.



Conclusions: Our findings can be used to clarify differences in the ubiquitination levels of ribosome-related and HCM-related proteins, especially titin (TTN) and myosin heavy chain 6 (MYH6), in patients with AF, and therefore, regulating ubiquitination may be a feasible strategy for AF.



KEYWORDS
atrial fibrillation, ubiquitination, proteomics, protein-protein interaction networks, TTN, MYH6





1. Introduction

One of the major causes of systemic embolism and cardioembolic stroke is atrial fibrillation (AF), which is caused by hemodynamic instability and blood hypercoagulability in clinical practice. Overall, the prevalence of AF will continue to grow with population aging. In the Chinese population over 40 years of age, the prevalence of AF was 1.57% in 2013 (1). AF is still an important public health concern. Drugs and radiofrequency ablation exhibit finite efficiency and safety, and the molecular mechanism underlying the progression of AF remains unclear.

Posttranslational modifications (PTMs) of proteins are covalent modifications. PTMs include ubiquitination, which involves the addition of ubiquitin to a protein, methylation, glycosylation, phosphorylation, acylations, acetylation, and lipidation (2). Ubiquitination is a dynamic multifaceted posttranslational modification where a small protein called ubiquitin is added to a target protein, and ubiquitin, a protein consisting of 76 AAs, is the fundamental unit of ubiquitination. The ubiquitin–proteasome system (UPS) is vital for targeting specific proteins for degradation and controls cellular processes such as protein sorting, signal transduction and DNA repair. Ubiquitination also regulates protein localization and function independent of its effect on protein degradation (3, 4). Ubiquitination plays a central role in cardiovascular diseases (5), such as cardiac hypertrophy (6), congenital heart defects (7), diabetic heart diseases (8–11), and cardiac arrhythmias (12–16), functions with myocardial β 1-adrenergic receptor under physiological conditions (17), and is involved in redox homeostasis, such that it can create an imbalance that leads to cardiovascular complications (18). Furthermore, ubiquitination also plays a role in the occurrence and development of atrial fibrillation. For example, in atrial cardiomyocytes of rabbits with atrial fibrillation, Rfp2 has been found to be upregulated, which leads to the ubiquitination of Cav1.2 to autophagosomes, and these changes induce atrial electrical remodeling (19). Another recent study clarified the relationship between the E3 ubiquitin protein ligase tripartite motif-containing protein 21 and atrial remodeling and AF after myocardial infarction atrial remodeling (20). The degradation of Smad7 by Arkadia-mediated polyubiquitination plays an important role in AF-induced atrial fibrosis (21). Although several studies report evaluations of ubiquitination in the context of AF, proteome-wide analyses have not yet been conducted. The purpose of this study is to clarify whether there are changes in ubiquitination during atrial fibrillation, what specific alterations occur, and how they relate to functional changes.

In this study, we performed LC–MS/MS analysis to identify proteins with ubiquitination that were altered in AF tissues. A total of 271 sites in 162 proteins exhibiting upregulated ubiquitination and 467 sites in 156 proteins exhibiting downregulated ubiquitination were identified. Most upregulated and downregulated ubiquitylated proteins were located in the cytoplasm. A protein–protein interaction (PPI) network analysis revealed that glycolysis-related, ribosome-related, endocytosis-related, and hypertrophic cardiomyopathy-related proteins were highly associated with ubiquitination in AF tissues.



2. Subjects and methods


2.1. Study design

A single-center study was conducted with patients undergoing cardiac valvular replacement surgery at the Second Xiangya Hospital of Central South University. Based on their symptoms and results of 12-channel electrocardiography or 24-h Holter electrocardiography, the subjects were assigned to a chronic AF group (onset time ≥1 year) or a sinus rhythm (SR) group. All patients underwent transthoracic echocardiography (TTE) before surgery, and other general patient data were collected. Based on coronary angiography (CAG), patients with coronary artery disease (CAD) were excluded from the study. A piece of tissue was sliced from the left atrial appendages (LAA) of the enrolled patients during surgery.

We obtained ethical approval for the study from the Ethics Committee of the Second Xiangya Hospital of Central South University. Written informed consent was obtained by all the subjects or their legal representatives. The study was conducted based on the Declaration of Helsinki. The flow chart of the study is illustrated in Figure 1A.


[image: Figure 1]
FIGURE 1
Flow chart of the study and QC validation. (A) Flow chart showing the proteomic ubiquitination analysis of SR and AF samples. (B) Consistency among 3 mixed tissue sample replicates was indicated by Pearson's correlation coefficient. (C) QC validation of the MS data: the accuracy of the mass data was in line with that needed, and most mass errors were <5 ppm. (D) The length of most peptides ranged from 7 to 20 AAs.




2.2. Protein extraction and trypsin digestion

The specimens were obtained from the LAA during mitral valve surgery and were immediately flash-frozen in liquid nitrogen and stored in liquid nitrogen. To analyze the ubiquitination characteristics of the samples, a mixture of 3 tissue samples from the same group was considered to be one sample. We obtained 3 of these mixed samples for each group. The ground tissue was lysed by sonication in lysis buffer. Debris was removed through centrifugation. Finally, a BCA kit was used to measure the protein concentration of the prepared samples.

Equal amounts of protein were taken based on concentration measurement, and the volume was adjusted with lysis buffer. The samples were then treated with 20% TCA and incubated at 4°C for 2 h. After centrifugation at 4,500 × g for 5 min at 4°C, the supernatant was discarded, and the protein pellet was washed three times with cold acetone. The protein pellet was air-dried and then resuspended in 200 mM TEAB followed by sonication to disperse the precipitate. Trypsin was added at a ratio of 1:50 and incubated overnight at 37°C. Dithiothreitol (DTT) was subsequently added to a final concentration of 5 mM and incubated at 56°C for 30 min, followed by alkylation with IAA at a final concentration of 11 mM at room temperature in the dark for 15 min. After that, trypsin was added again at a ratio of 1:100, and the samples were further digested for 4 h.



2.3. Affinity enrichment

The peptides obtained were dissolved in IP buffer solution, and the supernatant was poured into a flask containing prewashed antibody-loaded beads, placed on a rotating shaker at 4°C, and gently shaken overnight. After incubation, the beads were washed 4 times with IP buffer and twice with deionized water. Finally, 0.1% trifluoroacetic acid eluent was used 3 times to elute the bead-bound peptides. Finally, the eluted fractions were combined and vacuum-dried. After drying, the resulting peptides were desalted and used for LC–MS/MS analysis.



2.4. LC–MS/MS analysis

The peptides were dissolved and then separated using NanoElute Ultra Performance Liquid Chromatography (UPLC). Solvent A was an aqueous solution containing 0.1% formic acid and 2% acetonitrile; solvent B was an acetonitrile solution containing 0.1% formic acid. The gradient consisted of solvent B increasing from 6% to 22% for 43 min, from 22% to 30% for 13 min, and from 30% to 80% for 3 min, all at a constant flow rate of 450 nl/min.

The peptides were separated by UPLC, injected into the NSI source for ionization and then analyzed by a tims-TOF Pro mass spectrometer. The electrospray voltage was set at 1.6 kV, and the peptide precursor ions and their secondary fragments were detected and analyzed by TOF. The m/z scan range of the secondary mass spectrum was set to 100–1,700 m/z, and intact peptides were detected in the Orbitrap at a resolution of 70,000. The data acquisition mode applied was parallel accumulation and serial fragmentation (PASEF). After the first-level mass spectra were collected, the second-level spectra with precursor ion charges in the range of 0–5 were collected in PASEF mode 10 times, and the dynamic rejection time applied to the tandem mass spectrum scan was 24 s to avoid repeated scans of the precursor ions. The concentration of the injection was 2 mg, the analysis temperature was set as 50°C, and the runtime of analysis was set as 60 min. We used a homemade reversed-phase analytical column (100 μm i.d. × 25 cm) packed with 1.9 μm/120 Å ReproSil PurC18 resins (Dr. Maisch GmbH, Ammerbuch, Germany).



2.5. Database search

Secondary mass spectrum data were searched using MaxQuant (v1.6.6.0). The following search parameter settings were used: The database was Homo_sapiens_9606_SP_20191115 (20380 sequences), a reverse database was applied to calculate the false-positive rate (FDR) caused by random matching, and a common contamination library was applied to eliminate the impact of contaminating proteins on the identification results; the cleavage enzyme was set to Trypsin/P. The FDR for protein identification and peptide-spectrum match (PSM) identification was adjusted to <1%.



2.6. Bioinformatics methods

The UniProt-GOA database (http://www.ebi.ac.uk/GOA/) was used for Gene Ontology (GO) annotation of the proteome. GO covers three domains: cellular component, molecular function, and biological process. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation was derived from the KEGG database (http://www.genome.jp/kegg/). The subcellular localization prediction software WoLF PSORT (https://wolfpsort.hgc.jp/) was used. The motif characteristics of the ubiquitylated AAs were analyzed using MoMo software (the motif-x algorithm). A protein–protein interaction enrichment analysis was performed with the STRING database version 11.0. A corrected P value <0.05 was considered statistically significant in the bioinformatics analysis. The methodology used for the validation analysis was a two-sample t test.



2.7. Data availability

The primary proteomics data produced in this study are uploaded to PRIDE: Project PXD030397 https://www.ebi.ac.uk/pride/archive/projects/PXD030397.




3. Results


3.1. Subject characteristics

Table 1 summarizes the demographic and baseline characteristics of the patients. The parameters in the SR and AF groups were matched with respect to gender ratio, BMI (25.25 ± 5.09 vs. 22.33 ± 3.33 kg/m2, P = 0.169), age (59.22 ± 6.72 vs. 56.44 ± 9.26 years, P = 0.477), fasting blood glucose (4.81 ± 072 vs. 5.03 ± 0.69 mmol/L, P = 0.493), triglycerides levels (1.34 ± 0.56 vs. 1.06 ± 0.54 mmol/L, P = 0.308), total cholesterol levels (4.08 ± 0.70 vs. 3.81 ± 0.27 mmol/L, P = 0.303), EF (64.22 ± 9.51% vs. 59.44 ± 7.76%, P = 0.260), comorbidities and pharmacological treatment. The difference observed in LA size was significant (35.00 ± 5.92 vs. 59.44 ± 7.76 mm, P = 0.000).


TABLE 1 Demographic and baseline data of the subjects.
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3.2. Quantitative analysis of lysine ubiquitination in LAA

To explore whether the ubiquitination rate was influenced by AF status. A quantitative ubiquitination analysis was performed based on UPLC–MS/MS data. A mixture of every 3 tissues from the same group was recognized as one sample. Consistency in the analysis of 3 mixed-tissue samples (triplicate samples) was indicated through Pearson's correlation analysis (Figure 1B). The overall accuracy of the mass data acquired by MS was in line with that required for the analysis, with most mass errors <5 ppm (Figure 1C). As illustrated in Figure 1D, most peptide lengths ranged from 7 to 20 AAs. In general, as illustrated in Figure 2A, changes in ubiquitination were observed in 4,788 quantifiable sites and 1,631 quantifiable proteins. There were <5 modified sites in most proteins (Figure 2B). The quantification ratios for the downregulated and upregulated ubiquitination cutoff values were set at <1:1.5 and >1.5, respectively; 156 downregulated ubiquitinated proteins and 162 upregulated ubiquitinated proteins were identified. As illustrated in Figures 2C,D, ubiquitination was downregulated at 467 sites, and ubiquitination was upregulated at 271 sites.
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FIGURE 2
Ubiquitination analysis of SR and AF tissue samples. (A) Changes were observed at 4,788 quantifiable sites and in 1,631 quantifiable proteins. (B) Identified protein site number distribution: most proteins harbored <5 modification sites. (C) Differential ubiquitination sites and protein numbers: A total of 271 sites in 162 proteins exhibiting upregulated ubiquitination and 467 sites in 156 proteins exhibiting downregulated ubiquitination were identified. (D) Volcano plot showing differentially ubiquitylated proteins and sites.


Among these differentially ubiquitylated proteins, titin (TTN), contributing to sarcomere assembly and conferring stability during the cardiac cycle, harbored the most sites (174). Myosin heavy chain 6 (MYH6) harbored 38 sites, and myosin heavy chain 7 (MYH7) harbored 11 sites. Mutations in MYH6 and MYH7 are associated with hypertrophic cardiomyopathy. MYH6 and MYH7 are the alpha heavy chain subunit and beta (or slow) heavy chain subunit of cardiac myosin, respectively. Myomesin 1 (MYOM1), myomesin 3 (MYOM3) and myomesin 2 (MYOM2) harbored 14 ubiquitination sites, 12 ubiquitination sites and 7 ubiquitination sites, respectively. MYOM1, MYOM2 and MYOM3 are highly expressed in the heart. MYOM1 and MYOM2, parts of an M-band, bind tightly to TTN in the M-line; in addition, MYOM3 is a recently discovered part of the M-band (22). The number of ubiquitination sites in the remaining proteins was as follows: 9 in HSPA1B, 8 in GJA1, 8 in DSP, 7 in HSPA8, 6 in TPM1 and 6 in TUBA1B (Table 2).


TABLE 2 Summary of the 11 proteins with the greatest difference in ubiquitination.
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3.3. Subcellular location analysis of differentially expressed ubiquitylated proteins

The subcellular localization of the differentially expressed proteins (DEGs) is presented in Supplementary Figure S1. The proteins exhibiting upregulated ubiquitination were mainly in the cytoplasm (n = 69, 42.86%), nucleus (n = 36, 22.36%) and plasma membrane (n = 23, 14.29%). The others were in mitochondria, the extracellular space and other locations. The proteins exhibiting downregulated ubiquitination were mainly in the cytoplasm (n = 69, 44.52%), nucleus (n = 42, 27.1%), extracellular space (n = 12, 7.74%) and mitochondria (n = 11, 7.1%).



3.4. GO enrichment-based functional classification of differentially expressed ubiquitylated proteins

We classified sites with different modification abundances into 4 quantiles according to their AF/SR modification multiples; these quantiles were called Q1–Q4 (Q1 < 0.500, Q2: 0.500–0.667, Q3: 1.5–2.0, and Q4 > 2.0) (Figure 3A). As illustrated in Figures 3B–D, GO enrichment-based functional classification indicated a relationship among the sites in the same quantile. Figure 3B shows the ubiquitination of sites associated with AF. The results revealed that the downregulated proteins with downregulated ubiquitination in Q1 were mainly involved in processes related to heart development, protein localization to organelles, viral gene expression, protein localization to the endoplasmic reticulum, the response to interleukin-6, animal organ morphogenesis, actomyosin structure organization, and actin filament organization. It also revealed that the ubiquitylated proteins in Q3 were mainly involved in processes related to heart contraction, blood circulation, ribose phosphate metabolism, nucleoside metabolism, metal ion transport, cation transport, and receptor recycling. The proteins with upregulated ubiquitination in Q4 were enriched mainly in macroautophagy, the regulation of organelle organization, and the establishment of monopolar cell polarity.
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FIGURE 3
GO enrichment-based functional classification of differentially ubiquitylated proteins. (A) We classified the sites with different modification abundances into 4 quartiles, called Q1–Q4, according to their different modification multiples. (B) Biological process analysis based on Q1–Q4 quantiles. (C) Cellular component analysis based on Q1–Q4 quantiles. (D) Molecular function analysis based on Q1–Q4 quantiles.


In the cellular component category, the distributions of proteins with downregulated ubiquitination in Q1 were ribosomes, cytosolic ribosomes and ribosomal subunits. In contrast, proteins in Q3 exhibiting upregulated ubiquitination were highly enriched in sarcolemma and synapses. Q4 proteins were involved in organelle outer membranes and the mitochondrial outer membrane (Figure 3C).

Ubiquitination rates were also analyzed based on molecular functions (Figure 3D). In Q1, the proteins with downregulated ubiquitination exhibited fructose-bisphosphate aldolase activity. The proteins in Q3 exhibiting upregulated ubiquitination were mainly involved in ion transmembrane transporter activity, cation-transporting ATPase activity and transmembrane transporter activity. The Q4 proteins were closely associated with structural constituents of the cytoskeleton, GTPase activity GTP binding, guanyl binding, wide pore channel activity, and porin activity.



3.5. Protein domain and KEGG pathway analysis of differentially expressed ubiquitylated proteins

Ubiquitination rates were also analyzed based on protein domain analysis. In Q1, the proteins were distributed in the ribosomal protein L23/L15e core domain. In Q3, the proteins were enriched in ATPase, GAT, VHS, cyclic nucleotide-binding-like and EF-hand domains. The proteins with upregulated ubiquitination in Q4 were involved in the tubulin, connexin, ezrin/radixin/moesin, moesin tail, and porin domains, gap junction proteins, and P-loop-containing nucleoside triphosphate hydrolase (Figure 4C).
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FIGURE 4
Protein domain and KEGG pathway analysis of differentially expressed ubiquitylated proteins. (A) KEGG pathway analysis based on Q1-Q4 quantiles. (B) Top 11 pathways of all KEGG pathways. The proteins involved in all KEGG pathways were most highly enriched in hsa05410 hypertrophic cardiomyopathy (HCM). (C) Protein complex analysis. (D) Summary of the 17 proteins associated with hsa05410 HCM: TTN had the most (348) modifications in all enriched KEGG pathways, followed by MYH6 (266).


Figure 4A reveals the results of the KEGG pathway analysis of ubiquitylated proteins associated with AF. In the Q1 quantile, the proteins with downregulated ubiquitination were distributed mainly in pathways related to ribosome and arachidonic acid metabolism. In Q3, the proteins with upregulated ubiquitination were distributed mainly in pathways related to arrhythmogenic right ventricular cardiomyopathy. The Q4-enriched proteins were involved in parathyroid hormone synthesis, secretion and action, legionellosis, pathogenic Escherichia coli infection, the NOD-like receptor signaling pathway, longevity regulating pathway, gap junctions, tight junctions, and cholesterol metabolism. Figure 4B reveals that in all KEGG pathways, the proteins were highly enriched in hsa05410 hypertrophic cardiomyopathy (HCM). Among the 17 proteins associated with the hsa05410 hypertrophic cardiomyopathy (HCM) KEGG pathway, TTN harbored the highest number of modification sites (174), followed by MYH6 (with 38) (Figure 4D).



3.6. Motif analysis of differentially altered ubiquitylated proteins

Based on MoMo software (the motif-x algorithm), a motif analysis of differentially ubiquitylated proteins was conducted to evaluate the 10 bilateral AAs down- and upstream of a ubiquitylated lysine (Figures 5A,B). Sequences enriched with valine (V), glutamic acid (E), aspartic acid (D) and alanine (A) residues were found downstream of a ubiquitylated lysine, whereas sequences enriched with valine (V) and alanine (A) residues were found upstream. Among these motifs, A was at the +4/+3/+2 positions, and L was at the +2 position (Figure 5A).
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FIGURE 5
Motif analysis of differentially altered ubiquitylated proteins. (A) Heatmap of the 10 bilateral AAs down- and upstream of the ubiquitylated lysine. Enrichments of valine (V), glutamic acid (E), aspartic acid (D) and alanine (A) residues were found downstream of the ubiquitylated lysine, whereas enrichments of valine (V) and alanine (A) were found upstream of the ubiquitylated lysine. (B) Sequence logo of acetylation motifs. The results revealed nine significantly enriched ubiquitination site motifs from the quantifiable ubiquitylated sites, where x stands for a random AA and Kac stands for a ubiquitylated lysine.


The results revealed nine significantly enriched ubiquitination site motifs among the quantifiable ubiquitylated sites: YxxRxxAxNKacxG, ExxxxxxKac, KacxxxxxxxK, KacxxxxxK, KxxxxxxxKac, KacE, RxxxxxxxKac, KacD, and AKac (Figure 5B), where x stands for a random AA and Kac stands for a ubiquitylated lysine.



3.7. PPI network analysis of differentially ubiquitylated proteins

Based on PPI networks and the STRING database, we analyzed the key genes associated with AF. The results revealed that ubiquitylated proteins in AF were mainly glycolysis-, ribosome-, endocytosis-, and hypertrophic cardiomyopathy-related proteins (Figures 6A–D). The ubiquitylated proteins associated with glycolysis harbored five upregulated ubiquitination sites and five downregulated ubiquitination sites (Figure 6A). The HCM-related sites included two sites with upregulated modification and eleven sites exhibiting downregulated modifications (Figure 6B). Sixteen sites in the ribosome-related ubiquitination PPI network showed downregulated ubiquitination, and two sites showed upregulated ubiquitination (Figure 6C). The PPI network associated with endocytosis-related proteins included 9 upregulated ubiquitination sites and two downregulated ubiquitination sites (Figure 6D). MYH6 and TTN were identified as candidate key genes highly related to AF. The cluster identification assay shown in Figure 6C suggested that RPS27A played the most important role in AF.


[image: Figure 6]
FIGURE 6
Ubiquitylated PPI network analysis. (A) PPI of glycolysis-related proteins. (B) PPI of hypertrophic cardiomyopathy-related proteins. (C) PPI of ribosome-related proteins. (D) PPI of endocytosis-related proteins.




3.8. Validation results

The identity of myomesin 1 (MYOM1) and myomesin 3 (MYOM3) was validated by immunoprecipitation (IP) combined with Western blotting (WB). MYOM1 and MYOM3 in the LAA tissues from the SR group were preferentially coimmunoprecipitated with ubiquitin compared with those from the AF group (both P < 0.05), confirming the differential interactions identified in the mass spectrometry analysis (Figure 7), which demonstrated the reliability of the results in this study (Table 2).
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FIGURE 7
Validation results. Validation of ubiquitylated MYOM1 and ubiquitylated MYOM3 as determined by coimmunoprecipitation (co-IP) combined with Western blotting (WB). (A,B) Ubiquitinated MYOM1. (C,D) Ubiquitinated MYOM3. IP, immunoprecipitation; IB, immunoblotting; MYOM1, myomesin 1; MYOM3, myomesin 3; ub, ubiquitylated. *P < 0.05.





4. Discussion

To date, this report is the only description of protein ubiquitination in AF patients based on quantitative proteomics. Our results revealed that the degree of protein ubiquitination was different in AF tissues than in non-AF tissues, leading to upregulated or downregulated ubiquitination. We also identified ubiquitination sites. A total of 271 sites in 162 proteins exhibiting upregulated ubiquitination and 467 sites in 156 proteins exhibiting downregulated ubiquitination were identified. Interestingly, both upregulated lysine ubiquitination and downregulated lysine ubiquitination were identified in some proteins. Furthermore, the DEGs involved in ubiquitination events encoded proteins associated with glycolysis, ribosomes, endocytosis, and hypertrophic cardiomyopathy. These results revealed that ubiquitination is essential to the development of AF.

PTMs are indispensable in numerous cellular processes. Among twenty AAs, modifications are deposited mainly on a lysine residue, the only AA with a side chain amine, which can be covalently modified by glycosyl, propionyl, butyryl, acetyl, hydroxy, crotonyl, ubiquitin and ubiquitin-like groups. Ubiquitination is vital for myocardial ischemia/reperfusion (I/R) injury, cardiomyopathy, and heart failure (23). It has been reported that parkin, cooperating with the ubiquitin-conjugating enzyme UbcH7, functions as a ubiquitin ligase to promote protein degradation (24). Shimura H and his colleague identified a new mechanism that can alleviate myocardial injury. Mitochondrial permeability transition pore (mPTP) opening was suppressed by parkin through the catalyzed ubiquitination of CypD, which is involved in necrotic cascades. Thus, parkin benefits cardiac function (25). The results obtained by Tsushima et al. described a novel mechanism underlying lipotoxic cardiomyopathy. An increasing rate of A-kinase anchor protein 121 (AKAP121) ubiquitination changed the phosphorylation rate of Ser637 in dynamin-related protein 1 (DRP1), which was caused by altered mitochondrial redox status (26). Furthermore, ubiquitination has been associated with ubiquitination in myocardial infarction (MI). Phosphorylation of GSK3 was necessary for the ubiquitination-dependent degradation of OMA1, which promoted leptin-regulated mitochondrial integrity. Leptin enhances the survival and mitochondrial integrity of hMSCs. Therefore, enforcing ubiquitination may be a feasible strategy against cardiovascular diseases such as MI (27).

Our own bioinformatics analysis showed that TTN harbored the most ubiquitination sites (with 174 sites), followed by MYH6, which harbored 38 sites. In addition, TTN harbored the most modified sites (348) in all the enriched KEGG pathways, followed by MYH6 (266). Therefore, the TTN and MYH6 genes were significantly and highly expressed in AF compared with SR tissues. We speculated that these two highly expressed genes may play a role in the incidence of AF in valvular heart disease patients. There have been several studies on the correlation between AF and these two highly expressed genes, TTN and MYH6.

TTN, the largest known protein [M(r) 3,000 kDa], plays an important role in sarcomere assembly and confers stability during the cardiac cycle (28). A study by Choi et al. indicated a close correlation between early-onset AF and a loss-of-function (LOF) TTN variant (29). In another study, Ahlberg et al. revealed that early-onset AF was closely associated with titin truncation variants (TTNtvs) (30, 31). Furthermore, Chalazan et al. indicated that in ethnic minority groups, there was a close correlation between early-onset AF and TTN variants (32). In addition, TTN has been correlated with other diseases, such as dilated cardiomyopathy, hypertrophic cardiomyopathy, and neuromuscular disorders (33–35). The underlying mechanisms by which TTN leads to AF remain unclear. One possible mechanistic explanation for the highly expressed TTN association with AF is that DCM or HCM caused by TTN increases patient susceptibility to AF. However, none of the patients recruited in this study suffered from DCM or HCM. Further research is required to elucidate the mechanisms underlying TTN function.

As the α-heavy chain subunit of cardiac myosin, MYH6 is the fastest molecular motor comprising thick filaments (36). There are close correlations between MYH6 variants and congenital heart defects (CHDs) (37), nonsyndromic coarctation of the aorta (38), familial dilated cardiomyopathy (39), ischemic cardiomyopathy (40), and hypertrophic cardiomyopathy (41). Holm and colleagues found a close correlation between sick sinus syndrome (SSS) and MYH6 missense mutations (42). Thorolfsdottir et al. indicated that atrial fibrillation was associated with rare MYH6 variants, which exerted important effects on the passive elasticity of the heart (43). None of the patients recruited for this study suffered from CHD, coarctation of the aorta, DCM or SSS. The underlying mechanisms by which MYH6 leads to AF remain unclear, and further research is needed.

Ribosomal proteins (RPs) are abundant RNA-binding proteins with multiple functions. One RP, ribosomal protein S27a (RPS27A), actively promotes proliferation in breast cancer (44), renal cancer (45), colon cancer (46), and chronic myeloid leukemia (47). Several studies have revealed the ubiquitination functions of RPS27A. Montellese et al. indicated that USP16-mediated deubiquitination and RPS27a ubiquitination were essential for the entry of maturing pre-40S particles into a pool of translating ribosomes (48). Holm et al. found that P-3F enhances P53 stability by changing the translocation of RPS27a. The release of RPS27a from the nucleolus, from which it enters the nucleoplasm, decreased the phosphorylation of Mdm2 and downregulated the ubiquitination of P53 (49). These reports demonstrated the potential function of RPS27a in translation. A similar mechanism may be involved in AF and needs to be identified.

Accumulated evidence suggests that AF risk is associated with multiomics profiles, including genomics, epigenomics, transcriptomics, proteomics, and metabolomics. Our study found 156 downregulated ubiquitinated proteins and 162 upregulated ubiquitinated proteins in AF patients. In another study based on clinical samples, Amrish Deshmukh et al. revealed 1,011 differentially expressed mRNAs in the LAA tissues between AF and SR patients (50). As Venn diagrams in Supplementary Figures S2A,C show, 8 genes related to downregulated ubiquitinated proteins and increased expression probes simultaneously were obtained in Supplementary Figure S2B, while 8 genes related to upregulated ubiquitinated proteins and decreased expression probes simultaneously were obtained simultaneously in Supplementary Figure S2D. Apart from the proteins mentioned earlier, such as MYH7, MYOM2, MYOM1, and DSP, significant changes in protein ubiquitination levels were observed in FLNC, HSPA1B, and GFPT1 among these intersecting proteins. Filamin C (FLNC) is a protein that plays a vital role in the cytoskeleton structure of cells, and it is highly expressed in cardiac muscle. Numerous studies have suggested a strong correlation between FLNC and the development of cardiomyopathy (51–53). HSPA1B, which encodes heat-shock protein 70 kDa (Hsp70), protects against stroke in AF patients. In our study, HSPA1B was associated with upregulated ubiquitination, and its protection against stroke might be weakened. However, there were no strokes in the enrolled patients (54). Although an increase in ubiquitination level does not necessarily imply protein degradation, combining the results of ubiquitination with results of different -omics layers may help to identify genes that are more relevant to the occurrence and progression of atrial fibrillation.

Multiomics approaches have emerged as a powerful tool with several advantages in studying cardiovascular diseases. One study investigated the association between single-nucleotide polymorphisms (SNPs) and AF by tissue-specific multiomics analysis in a case‒control cohort of AF (55). In their study, genomics, transcriptomics, and proteomics were applied, and correlations between the transcription factor NKX2-5 and AF were elucidated. Multiomics approaches can identify key drivers of disease. As illustrated in the above study, abundant disease-associated SNPs were discovered by genome-wide association studies (GWAS); however, their underlying molecular mechanisms remain largely elusive. With the help of multiomics approaches, the role of NKX2-5 as a link between AF and the GWAS SNP rs9481842 was clarified. The most important advantage of multiomics approaches is that by integrating data from various levels, multiomics approaches can provide a more comprehensive understanding of the molecular mechanisms underlying these complex diseases and the interactions between different biological pathways and networks involved in cardiovascular diseases. Moreover, multiomics approaches can identify new biomarkers and therapeutic targets. Finally, by using multiomics approaches, researchers can develop more precise and personalized approaches to disease diagnosis and treatment. Our study, focused on proteomic changes in the form of ubiquitination, forms an essential piece of this multiomics puzzle. Future studies could use our findings as a stepping stone, integrating them with genomic, transcriptomic, and metabolomic data to fully comprehend the pathogenesis of atrial fibrillation.

Despite being the first study to focus on ubiquitination changes in atrial fibrillation by quantitative proteomics and identifying some valuable proteins with ubiquitination changes, this study still has several limitations. First, because obtaining left atrial appendage tissue during cardiac surgery poses a high risk of perforation and difficulty in obtaining specimens, the sample size was small. Second, current ubiquitin proteomics technology and limited specimen weight per patient may have led to the underrepresentation of ubiquitinated proteins, possibly overlooking some crucial proteins with key functional roles. Third, our center lacks conditions for establishing pig or dog models of atrial fibrillation, precluding functional validation in atrial fibrillation animal models. Finally, differences in amino acid sequences between humans and common animal models used in studying atrial fibrillation (pigs, dogs) may make it difficult to conduct functional studies of some identified proteins using animal models.

In conclusion, significant alterations in ubiquitination were observed between the SR and AF groups. Most DEGs were distributed in ribosome-related proteins with downregulated ubiquitination. The results indicated that alterations in ribosome-associated protein ubiquitination influence the development of AF. Our findings may provide a more feasible strategy against AF.
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Supplementary Figure S1

Subcellular location of upregulated ubiquitylated proteins (A) and downregulated ubiquitylated proteins (B).

Supplementary Figure S2

The Venn diagram illustrates the relationship between proteins exhibiting elevated levels of ubiquitination and genes displaying decreased expression (A), and the overlapping genes are provided in list form (B). Similarly, the Venn diagram depicts the association between proteins exhibiting reduced levels of ubiquitination and genes displaying increased expression (C), with the corresponding overlapping genes listed (D).
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Background: The deSUMOylase sentrin-specific isopeptidase 2 (SENP2) plays a crucial role in atheroprotection. However, the phosphorylation of SENP2 at T368 under disturbed flow (D-flow) conditions hinders its nuclear function and promotes endothelial cell (EC) activation. SUMOylation has been implicated in D-flow-induced endothelial-to-mesenchymal transition (endoMT), but the precise role of SENP2 in counteracting this process remains unclear.



Method: We developed a phospho-specific SENP2 S344 antibody and generated knock-in (KI) mice with a phospho-site mutation of SENP2 S344A using CRISPR/Cas9 technology. We then investigated the effects of SENP2 S344 phosphorylation under two distinct flow patterns and during hypercholesteremia (HC)-mediated EC activation.



Result: Our findings demonstrate that laminar flow (L-flow) induces phosphorylation of SENP2 at S344 through the activation of checkpoint kinase 1 (CHK1), leading to the inhibition of ERK5 and p53 SUMOylation and subsequent suppression of EC activation. We observed a significant increase in lipid-laden lesions in both the aortic arch (under D-flow) and descending aorta (under L-flow) of female hypercholesterolemic SENP2 S344A KI mice. In male hypercholesterolemic SENP2 S344A KI mice, larger lipid-laden lesions were only observed in the aortic arch area, suggesting a weaker HC-mediated atherogenesis in male mice compared to females. Ionizing radiation (IR) reduced CHK1 expression and SENP2 S344 phosphorylation, attenuating the pro-atherosclerotic effects observed in female SENP2 S344A KI mice after bone marrow transplantation (BMT), particularly in L-flow areas. The phospho-site mutation SENP2 S344A upregulates processes associated with EC activation, including inflammation, migration, and proliferation. Additionally, fibrotic changes and up-regulated expression of EC marker genes were observed. Apoptosis was augmented in ECs derived from the lungs of SENP2 S344A KI mice, primarily through the inhibition of ERK5-mediated expression of DNA damage-induced apoptosis suppressor (DDIAS).



Summary: In this study, we have revealed a novel mechanism underlying the suppressive effects of L-flow on EC inflammation, migration, proliferation, apoptosis, and fibrotic changes through promoting CHK1-induced SENP2 S344 phosphorylation. The phospho-site mutation SENP2 S344A responds to L-flow through a distinct mechanism, which involves the upregulation of both mesenchymal and EC marker genes.
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Introduction

Blood flow patterns have a significant impact on disease progression in vivo, but the underlying biological mechanisms are not fully understood. It has been observed that exposure to D-flow, but not L-flow (1, 2), in vascular regions of ECs contributes to the development of atherosclerosis (2). The deSUMOylation enzyme SENP2, containing nuclear localization and export signals with nucleocytoplasmic shuttling activity, plays a crucial role in regulating the SUMOylation of various proteins involved in important cellular processes. These proteins include extracellular signal-regulated kinase 5 (ERK5), tumor suppressor protein p53, focal adhesion kinase (FAK), and membrane associated guanylate kinase WW and PDZ domain containing 1 (MAGI1) (3–9). Our previously studies have demonstrated that D-flow activates a redox sensitive ribosomal S6 kinase p90RSK, leading to phosphorylation of SENP2 at T368. This phosphorylation event subsequently triggers the SUMOylation of ERK5 and p53, promoting EC inflammation and apoptosis. Consequently, EC dysfunction ensues, contributing to the development of atherosclerosis (3–5, 9–12). In contrast, we have also observed that L-flow inhibits the SUMOylation of ERK5 and p53 without affecting SENP2 T368 phosphorylation (2–4, 14). This suggests that the atheroprotective effects of L-flow are independent of SENP2 T368 phosphorylation.

Atherogenesis is closely associated with DNA damage in cells of the vessel walls, leading to the activation of DNA damage response (DDR) pathways (14–16). DDR plays a crucial role in maintaining the genetic stability and integrity of cells exposed to DNA-damaging agents such as radiotherapy and chemotherapy, commonly used in cancer treatment (17). DDR achieves this by initiating cell cycle arrest for DNA repair and promoting cell apoptosis and senescence to prevent the propagation of damaged DNA. The main DDR pathways are governed by the ataxia-telangiectasia-mutated (ATM) and ataxia-telangiectasia and Rad3-related (ATR) kinases, which phosphorylate proteins at sites of DNA damage. For instance, phosphorylation of the Serine 139 residue of the histone variant H2AX leads to the formation of γH2AX and activates check point kinase (CHK) (18). CHK1 is activated by ATR and plays a critical role in regulating DDR to prevent the propagation of DNA damage. It induces cell cycle arrest, senescence, and apoptosis, thereby halting the progression of cell with damaged DNA (18, 19). CHK1 activation is particularly important in preventing cells with defective G1 checkpoint, often observed due to p53 mutations, from entering mitosis. Moreover, CHK1 also suppresses replicative stress by inhibiting excess origin firing, especially in cells with activated oncogenes.

EC activation is a significant contributor to atherosclerosis. Various mechanisms contribute to EC activation, including the generation of adhesion molecules and chemokines (inflammation), migration, proliferation, and apoptosis. L-flow inhibits these processes, while D-flow promotes them (20). ECs can undergo transdifferentiation to a mesenchymal phenotype through a process called endothelial-to-mesenchymal transition (endoMT) (21, 22). During endoMT, the expression of EC-specific genes such as cluster of differentiation 31 [CD31 or platelet endothelial cells adhesion molecule 1 (PECAM1)], vascular endothelial cadherin (VE-Cadherin or CDH5), von Willebrand factor (vWF), tyrosine kinase with immunoglobulin-like and EGF-like domains 1 (TIE1), and TEK receptor tyrosine kinase (TIE2) is downregulated (21, 23, 24) while the expression of mesenchymal cell-specific genes such as α-smooth muscle actin (αSMA), extra domain A (EDA) of fibronectin, N-cadherin, vimentin, fibroblast specific protein 1 (FSP1), fibroblast activating protein (FAP), and Twist-related protein 1 (TWIST1) is upregulated (23, 24). Although endoMT was initially discovered during embryonic cardiac development, recent studies have suggested its involvement in atherosclerosis (25–30). Importantly, blood flow plays a critical role in regulating endoMT. Moonen and colleagues have shown that L-flow-induced activation of ERK5 can suppress endoMT (31). It has become evident that the two different flow patterns, L-flow and D-flow, regulate EC activation and endoMT differently but in concert. While several studies have focused on how flow regulates individual biological responses, to the best of our knowledge, it remains unclear how flow regulates all the processes associated with EC activation and endoMT and their contribution to atherosclerosis.

Radiation therapy-induced cardiovascular disease is a significant cause of morbidity and mortality among cancer survivors, particularly in breast cancer (32), lymphoma (33, 34), and lung cancer (35, 36). A study by Darby and colleagues revealed that there is an increase of 7.4% in major coronary events per gray (Gy) of mean heart dose, and within the first 4 years of radiation therapy, there is an increase of 16.3% per Gy of mean heart dose. Even small increments in mean heart dose are associated with an elevated risk of major coronary events (2 Gy: 10%; 2–4 Gy: 30%; 5–9 Gy: 40%; ≥10 Gy: 116%) compared to patients receiving no heart dose (37). Radiation therapy leads to acute macro- and micro-vascular injury by causing EC injury and activating cardiac monocyte and macrophage. However, the regulatory mechanisms underlying these effects remain unclear, and there are currently no effective treatment available to prevent radiation-induced cardiovascular disease.

In our research, we explored publicly available datasets to investigate other phosphorylation sites of SENP2, as the atheroprotective effect of L-flow seemed independent of SENP2 T368 phosphorylation. Our analysis revealed that SENP2 can undergo phosphorylation at S344 (38, 39) by CHK1, a kinase identified through chemical and genetic approaches combined with high-resolution mass-spectrometry (19, 38, 39). Additionally, we found that exposure to L-flow enhances the phosphorylation of CHK1 at S280 and SENP2 at S344 in ECs. Intriguingly, we observed that radiation disrupts this pathway by reducing CHK1 expression. However, the functional role, regulatory mechanism, and contribution of CHK1-mediated SENP2 S344 phosphorylation to EC activation, endoMT, and atherogenesis are still poorly understood. Therefore, our study aims to investigate the functional role and regulatory mechanism of CHK1-mediated SENP2 S344 phosphorylation induced by L-flow and its subsequent impact on atherogenesis.



Methods

The data supporting the findings of this study are available from the corresponding authors upon reasonable request.


Plasmids, adeno-associated virus (AAV), and adenoviruses

The plasmid containing human SENP2 WT was obtained from Addgene (#18047) (40). To generate the phospho-site mutation SENP2 S344A, a Quik Change site-directed mutagenesis kit (Agilent Technologies) was used following the manufacturer's instructions. Adenoviruses expressing human SENP2 WT and S344A (Ad SENP2 WT, Ad SENP2 S344A) were generated by cloning each corresponding insert from the pCMV vector into the pENTR1A vector (Life Technologies, #A10462) at sites recognized by the restriction enzymes EcoRI and SalI. A recombinase reaction was performed to obtain a pDEST-based vector using the Invitrogen Gateway LR Clonase II Enzyme mix (#11791100) according to the manufacturer's instructions. For control purposes, adenovirus containing b-galactosidase (Ad-LacZ) was used (9). Plasmids containing human DDIAS (C11orf82, #RC206347) and pCMV6-Entry with C-terminal Myc-DDK Tag (#PS100001) were purchased from OriGene Technologies, Inc. Additionally, a plasmid encoding mPCSK9 was obtained from Addgene (#58376) (41). A recombinant adeno-associated virus serotype 8 (rAAV8) expressing mPCSK9 under the control of the liver-specific promoter controlling region-apolipoprotein enhancer/alpha1-antitrypsin (rAAV8-HCRApoE/hAAT) was produced by the University of North Carolina Vector Core (Chapel Hill, NC).



Antibodies and reagents

Phospho-specific SENP2 S344 antibody was custom produced by Pierce Biotechnology Inc. Rabbits were immunized with a synthesized peptide corresponding to amino acids 334–354 of the human SENP2 sequence (Ac-GSNGLLRRKVS*IIETKEKNCS). Adverse reactions, including lesion formation, loss of appetite, and non-responsiveness, were monitored during the immunization process. Once the rabbits passed the initial evaluation, the remaining immunization protocol was carried out according to the manufacturer's protocol. After the completion of the immunization process, the rabbits were euthanized, and the obtained sera were affinity purified. The following antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA): ERK5 (#3372), cleaved caspase 3 (#9661), ICAM1 (#4915, #67836), p53 (#9282), VCAM1 (#13662), phospho-CHK1 S280 (#2347S), phospho-CHK1 S345 (#2348S), and phospho-CHK1 S317 (#12302S). The following antibodies were purchased from Abcam (Waltham, MA, USA) SENP2 (#58418), VCAM1 (#13407), α-SMA (#ab5694). CHK1 (sc-8408) was purchased from Santa Cruz biotechnology (Dallas, TX). SENP2 antibody (NBP1-31217) and β-actin antibody (NB600-532) were purchased from Novus Biologicals (Briarwood Ave, CO, USA). The following antibodies and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA): DDIAS (HPA038541), TWIST1 (ABD29), protease inhibitor cocktail (P8340), PMSF (#36978), NEM (E3876), and diphenyleneiodonium chloride (D2926). SUMO2/3 antibody (AP1224a) was purchased from Abcepta, Inc (San Diego, CA). The Quick ChangeII Site-Directed Mutagenesis Kit (#200523) was purchased from Agilent Technology (Santa Clara, CA, USA). Lipofectamine 2,000 transfection reagent (#11668027) was purchased from Thermo Fisher Scientific, Waltham, MA). CHK1 inhibitor (GDC 0575) and ERK5 inhibitor (XMD8-92, #S7525) were purchased from Selleck Chemicals LLC (Houston, TX, USA), dissolved in DMSO, and pretreated to ECs prior to flow exposure at the doses indicated in the figures.



Animal studies

Procedures involving mice conducted in accordance with the guidelines and regulations set forth by the Institutional Care and Use Committees (IACUC) of the Texas A&M Institute of Biosciences and Technology (2014-0231, 2017-0154) and the University of Texas MD Anderson Cancer Center (UTMDACC; 00001652, 00001109), adhering to the NIH standards outlined in the Guide for the Care and Use of Laboratory Animals (DHHS pub. NIH 85-23 Rev.1985). The mice were provided with an appropriate irradiated diet and ultra-filtered water. They were housed in a facility at UTMDACC, which is AAALAC certified and maintained with an ambient temperature of 22°C with a 12 h light/12 h dark cycle (42). The mice were housed in a cage-level barrier system with heat-treated wood chip bedding and enrichment material (nestlets). Cages and water were changed on a weekly basis. To study the mouse counterpart of human SENP2 S344 (S343, referred to as “mouse SENP2 S344” for consistency), we generated SENP2 S344A knock-in (KI) mice using CRISPR/Cas9 technology. The gRNAs for targeting SENP2 S344 were selected based on minimal off-target cuts using an off-target program (http://crispr.mit.edu/), and their in vivo cutting efficiency was assessed using an efficiency-of-cutting program (http://crispr.dfci.harvard.edu/SSC/). Three gRNAs that cut closest to the S344 codon while meeting the off-target and efficiency criteria were chosen for further testing. The gRNAs, along with an unrelated gRNA, were incubated with an SENP2 plasmid and Cas9 following the instructions provided with the Clontech Cas9 guide-it Screening Kit. Gel electrophoresis confirmed 100% accuracy of the three SENP2 S344 gRNAs in cutting target sequence, while the control gRNA did not show any cutting activity (data not shown). The 110 bp donor DNAs containing the S344A mutation, along with a silent mutation in the PAM sequence (resulting in the same amino acid but with a different codon), were synthesized by Sigma-Aldrich. Excess single-strand donor DNAs were used for asymmetric PCR and PCR clean-up. The final product was then sent to the Genetically Engineered Mouse Facility at UTMDACC. Each donor DNA, along with its corresponding gRNA and Cas9, was microinjected into the pronucleus of fertilized C57/BL6 mouse eggs and implanted into recipient mice.

To measure the levels of HDL and LDL cholesterol, a cholesterol assay kit for mice (#EHDL-100, Bioassay System, Hayward, CA) was used (43).



Tissue preparation, histologic evaluation, and quantification of lesion size

We administered a single dose of rAAV8-mPCSK9 (1 × 1011/mouse) via tail veins of eight-week-old mice, which were then fed a high-fat diet (HFD) consisting of 21% fat, 0.15% cholesterol, 19.5% casein (#TD.88137; Envigo, NJ) (44) for 16 weeks. Mouse body weight was recorded before and after HFD. At the end of the experiment, mice were euthanized using CO2 inhalation, and blood samples were collected for LDL cholesterol assay (45). The arterial tree was perfused through the left ventricle with saline containing heparin (40 USP U/ml), followed by 10% neutral-buffered formalin in PBS (10 min). The aorta was dissected from the heart to the iliac bifurcation and opened along the ventral midline. En face prepared aortas were washed in PBS, dipped in 60% isopropyl alcohol, and stained with 0.3% Oil Red O (ORO) in 60% isopropyl alcohol for 30 min. Images were captured using a digital camera mounted on a Nikon SMZ1000 stereomicroscope, and image analysis was performed using the ImageJ software (5, 46) in a double-blinded manner.



Bone marrow transplantation (BMT)

To perform BMT, lethally irradiated bone marrow cells obtained from eight-to-nine-week-old SENP2 S344A KI or WT mice were replaced with bone marrow cells obtained from WT mice (47). Following a recovery period of 6 weeks, the recipient mice were administered a single dose of rAAV8-mPCSK9 and were fed a HFD for 22 weeks (45). To confirm the successful completion of the BMT, PCR was conducted on genomic DNA extracted from peripheral blood of the recipient mice, using specific primers for WT (forward: CAC GTA TTC ACT ACC CAA TGT GGA GTT C; reverse: AAG TTC TTT TCC TTT ATC TCA AGC ACT GA) and SENP2 S344A KI (forward: CAC GTA TTC ACT ACC CAA TGT GGA GTT C, reverse: GTT CTT TTC CTT AAT CTC AAG CAC TGC). Lipid-laden lesions in the mouse aortas were identified through Oil Red O staining of en-face preparations. The aortic valve leaflets, sectioned at the center area between the free edge and attachment site at the annulus, were stained using Trichrome Stain Kit (ab150686; abcam). Histological evaluation was performed to assess the changes in the aortic valves of the BMT recipients.



Isolation and culture of human umbilical vein ECs (HUVECs)

HUVECs were isolated by performing a collagenase digestion of the endothelium obtained from human umbilical cord veins. Subsequently, we cultured the cells on dishes or flasks that were coated with 0.2% gelatin type A (#901771; MP Biomedicals, Santa Ana, CA, USA) in EC medium [ECM, #1001, Science Cell, San Diego, CA, USA]. The study received approval from the Institutional Review Board (IRB Pro00020559) at the Houston Methodist Research Institute (HMRI) and UTMDACC (IRB RM00000535-RN01). Informed consent was not required for this particular study.



Isolation and culture of mouse lung ECs

The isolation of ECs from mouse lungs was approved by the IACUC at the HMRI (IS00006725), and the procedure followed previously described method (16, 21, 22). Lungs from mice aged six to eight weeks were carefully washed with cold PBS, finely minced using scissors, and then digested using collagenase. To capture the ECs from the mouse lungs, we utilized sheep anti-rat PECAM-1-conjugated Dynabeads (#11035, Invitrogen, Carlsbad, CA, USA). Subsequently, the captured cells were cultured in DMEM (#SH30243.0, Hyclone, Logan, UT, USA) supplemented with 10% FBS (#F2442, Sigma-Aldrich, Saint Louis, MO), 1% ECGS (Promo Cell, Heidelberg, Germany), 25 mM HEPES (#25-060-CI, Corning, Manassas, VA, USA), 1% non-essential amino acid solution (#25-025-CI, Corning, Manassas, VA, USA), 100 mg/ml heparin (#67457037399, Mylan Institutional, Rockford, IL, USA) and 1% penicillin/streptomycin (#30-002-CI, Corning, Manassas, VA, USA).



siRNA and plasmid transfection

To degrade human CHK1, we utilized siRNA targeting nucleotides in the coding sequence 281–301 (AAGCGUGCCGUAGACUGUCCA), along with non-target control sequences, which were purchased from Sigma-Aldrich (Burlington, MA, USA). The siRNA and plasmid transfection procedure was conducted following our previously described methods (5, 44). GIBCO Opti-MEM reduced serum medium (#31985070; Thermo Fisher Scientific) supplemented with Plus (#11514015) and Lipofectamine (#18324020) obtained from Life Technologies were used during transfection. Following transfection, the cells were allowed to recover for 24–48 h before further processing.



RNA-sequencing-based genome wide gene expression study

Total RNA was extracted from ECs isolated from the lungs of SENP2 S344A KI and WT mice following 24 h of L-flow exposure. The RNeasy Plus Micro Kit (#74034, QIAGEN, Germ: antown, MD) was used for RNA extraction. Subsequently, we shipped the RNA samples to Beijing Genomic Institution (BGI, Shenzhen, China) for mRNA preparation, library construction, and sequencing using the BGISEQ-500 platform. The clean tags obtained from sequencing were mapped to the reference genome and genes available at the Mice Genome Annotation Project 2, allowing for up to one mismatch. The original sequencing data have been deposited in the Gene Expression Omnibus (GEO) databse with the accession number GSE222511 and token snyjiikwrdwntcz. Aligment of the paired-end RNA-seq reads to the mouse genome (gencode.vM27) was performed using Kallisto (v0.46.0) with default parameters. DESeq2 (v2.0.12) was used to calculate gene expression levels and identify differently expressed genes (DEGs). Gene expression was measured in transcripts per million (TPM), and DEGs were defined based on Q value ≤0.05 as a threshold. Pathway enrichment analysis was conducted using DAVID (https://david-d.ncifcrf.gov) by calculating p-values for each Gene Ontology (GO) term with a modified Fisher's exact test. Significantly enriched GO terms were selected using a Q value <0.05 as the threshold, and a Venn diagram was constructed to identify co-expressed DEGs among the samples using R (v3.5.1). The transcriptional profiles of the KI and WT groups were analyzed, and heatmaps were generated using MORPHEUS https://software.broadinstitute.org/morpheus/.



Immunoblotting and SUMOylation

Protein extraction was performed using radioimmunoprecipitation assay (RIPA) buffer (Tris-HCl pH 7.4 50 mM, NaCl 150 mM, ethylenediaminetetraacetic acid 1 mM, Nonidet P-40 1%, sodium dodecyl sulfate 0.1%, sodium deoxycholate 0.25%) or obtained from EMD Millipore (#20-118, Billerica MA, USA) suplemented with mammalian protease inhibitor cocktail (#p8340; Sigma-Roche, Mannheim, Germany), phenylmethylsulfonyl fluoride 1 mM (#36978; Thermo Fisher Scientific), and N-ethylmaleimide 10 mM (#E3876; Sigma-Roche, Mannheim, Germany) (5). Lysates were centrifuged (15,000 rpm/20 min/4°C) to remove debris, and protein concentration was determined using DC™ Protein Assay Kit I (#5000111; Bio-Rad, Hercules CA, USA). Equal amounts of protein were loaded onto sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE) gels and then transferred onto Immobilon-P transfer membranes (#IPVH00010; Merc Millipore, Tullagreen, IRL). The membranes were incubated in 3% BSA/TBST solution (10 mM Tris-HCl, 0.15 M NaCl, 0.1% Tween 20, pH 8.0) at room temperature (1 h), washed in TBST, and then incubated with specific antibodies (500–1,000 dilution) with mild agitation overnight at 4°C. After washing three times (10 min each), the membranes were incubated with HRP-conjugated secondary antibodies (4,500–5,500 dilution), washed again, and chemiluminescence was detected using an ECL substrate (NEL105001EA; Perkin Elmer. Inc, Waltham, MA, USA). Signal intensities from the immunoblotted membranes were quantified using ImageJ. For SUMOylation, lysates were immunoprecipitated with an antibody that specifically recognizes SUMO2/3 (Signal-SeekerTM SUMOylation 2/3 Detection Kit #BK162; Cytoskeleton, Inc.) and then immunoblotted with ERK5 or p53 antibody to detect SUMOylated ERK5 or p53. The same pulldown samples were also immunoblotted with a SUMO2/3 antibody to confirm equal amounts of SUMO2/3 were pulled down. A control bead was used as a reference.



Automated capillary electrophoresis Western analysis (Wes; proteinSimple, San Jose, Ca, USA)

Lysates were mixed with a 5X fluorescent master mix containing 200 mM DTT, heated at 95°C for 5 min, and 5 μl of 0.4–1 mg/ml protein was loaded onto a Wes plate (#004-600) using a 12–230 kDa Separation Module (#SM-W003) with either a rabbit (#DM-001) or mouse (#DM-002) detection module. Lysates, blocking buffer, primary antibodies, HRP-conjugated secondary antibodies, and luminol-peroxide were dispensed onto the Wes plate. β-actin antibody was used as a loading control and was multiplexed with the primary antibodies for all samples. Capillary electrophoresis was performed using the instrument's default settings: separation time of 25 min, separation voltage of 375 V, blocking for 5 min, and primary and secondary antibodies incubation for 30 min. Automatically detected standards and peaks were manually inspected, and the data were analyzed using the built-in Compass software (ProteinSimple) (48, 49).



Cone-and-plate devices for studying different flow patterns in vitro

In our study, we utilized cone-and-plate devices to investigate the impact of various flow patterns on HUVECs in vitro (50). The cone-and-plate method's principle has been described in detail elsewhere (51). To generate D-flow, we used cones with 1-mm deep radial grooves, which induced cobble stone-like cell shapes, mimicking the in vivo d-flow conditions (50). It is important to note that D-flow exhibits a turbulent flow pattern, making shear stress calculations unfeasible, unlike oscillatory flow. For L-flow experiments, we utilized flat cones (smooth cones) and observed that HUVECs assumed elongated shapes, resembling the condition observed under L-flow in vivo (50). Furthermore, we confirmed the successful generation of L-flow by detecting the phosphorylation of ERK5 at T-E-Y residues (50, 52). As L-flow inhibits EC inflammation while d-flow promotes it, interpreting an increase in EC inflammatory gene expression becomes challenging. It remains unclear whether such increase is due to the heightened proinflammatory effects of D-flow or the diminished anti-inflammatory effects of L-flow. To isolate the effect of each flow pattern, we included a control group with no flow (static conditions).



In vitro EC migration assay

Sub-confluent HUVECs were transduced with Ad-SENP2 WT or S344A. The following day, a vertical region at the center of the HUVEC layer was scratched using a sterile 200 μl pipette tip. The culture media was then aspirated, and the cells were washed three times in PBS to remove any detached cells. Fresh ECM was added to the wells. After 6 h of L-flow exposure, the cells were photographed under a microscope, and the images were analyzed using Image J software. The cell migration rate was calculated as follows: length of initial cell-free vertical scratch − length of remaining cell-free region after L-flow) / length of initial cell-free vertical scratch × 100%.



Statistical analysis

To assess the statistical significance of the differences between experimental groups, we initially conducted a Shapiro-Wilk test to evaluate the normality of each group. For normality distributed data, we performed an ordinary one-way ANOVA followed by Fisher's LSD test for multiple group comparisons or an unpaired Student t-test for two group comparisons. In the case of 2-by-2 experiments, we employed a two-way ANOVA analysis instead of a one-way ANOVA. If the data did not meet the assumptions of normality, we employed a Brown-Forsythe and Welch ANOVA or unpaired t-test with Welch's correction using Prism software (GraphPad Software). We considered p-values less than 0.05 as statistically significant.



Data availability

The RNA-sequencing data generated in this study have been deposited into the NCBI's Gene Expression Omnibus database under accession GSE95066. The sequence of SENP2 has been deposited in GenBank under accession KY651081. All other data, analytic methods, and study materials that support the findings of this study are included in the Data supplement or can be obtained from the corresponding authors upon reasonable request.




Results


CHK1 regulates L-flow-induced phosphorylation of SENP2 at S344 residue, subsequently suppressesing the SUMOylation of ERK5 and p53

Based on publicly available mass spectrometry-based phospho-proteomic datasets that revealed phosphorylation of SENP2 at the Serine344 (S344) residue (38, 39), we aimed to investigate if this phosphorylation occurs in ECs in response to L-flow. To address this, we generated a phospho-specific SENP2 S344 antibody and transduced HUVECs with adenovirus expressing either the phospho-site mutation SENP2 S344A or the wild-type form (Ad-SENP2 S344A or Ad-SENP2 WT). Subsequently, these HUVECs were exposed to L-flow. Following L-flow, we observed an increase in SENP2 S344 phosphorylation, which was effectively abolished by transduction with Ad-SENP2 S344A (Figures 1A,C,D). By contrast, there was no significant increase in SENP2 S344 phosphorylation in response to D-flow (Figures 1B,D).
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FIGURE 1
CHK1 regulates L-flow-induced SENP2 S344 phosphorylation, subsequently suppresses ERK5 and p53 SUMOylation: (A) HUVECs transduced with Ad-SENP2 WT or Ad-SENP2 S344A were exposed to L-flow for 0 and 30 min, and the levels of SENP2 (p-S344 and total), ERK5 (p-T-E-Y and total), and actin (loading control) were determined using Wes. An increase in p-ERK5-T-E-Y indicated successful generation of L-flow, in addition to elongated cell shape (50, 52). (B) HUVECs were exposed to D-flow for 0, 20, 40, and 60 min, and the levels of SENP2 (p-S344 and total) were determined using immunoblotting. (C) HUVECs pretreated with 250 nM GDC 0575 were exposed to L-flow for 0, 20, 40, and 60 min, and the levels of SENP2 (p-S344 and total), CHK1 (p-S280, p-S345, and total), and actin were determined using Wes. (D, upper panel) The graphs present quantified data from 3 independent experiments from (C) (n = 3) (*p < 0.05, **p < 0.01, two-way ANOVA). (D, lower panel) The graphs present quantified data from 3 independent experiments from (B) (n = 3). N.S. indicates no significance. (E–G) The graphs present quantified data from 3 independent experiments from (C) (n = 3) (*p < 0.05, **p < 0.01, two-way ANOVA). (H) WT mouse lung ECs (WT MLECs) and SENP2 S344A KI MLECs were exposed to L-flow for 0 and 30 min, and the levels of SENP2 (p-S344 and total) were determined by immunoblotting. (I) WT MLECs and SENP2 S344A KI MLECs were exposed to L-flow for 0 and 30 min. Lysates were immuno-precipitated with the SUMO2/3 antibody (Signal-SeekerTM SUMOylation 2/3 Detection Kit, #BK162; Cytoskeleton, Inc.), and ERK5 or p53 antibody was used to detect SUMOylated ERK5 or p53 using Wes, respectively. The SUMO2/3 antibody was also used to confirm equal immunoprecipitation across the samples. Control beads were used as the negative control. ERK5, SENP2, and p53antibodies were used to detect their expression in total cell lysates using Wes. (J) The graphs present quantified data from 4 (upper panel) and 5 (lower panel) independent experiments (*p < 0.05, two-way ANOVA).


Another publicly available mass spectrometry-based dataset revealed that CHK1 phosphorylates SENP2 at the S344 residue. However, the functional consequence of this phosphorylation has not been characterized yet (19). To investigate the involvement of CHK1 in L-flow-mediated SENP2 S344 phosphorylation, we pre-treated HUVECs with the CHK1 inhibitor, GDC 0575 (53), prior to L-flow exposure. Remarkably, the pretreatment with GDC 0575 resulted in a significant decrease in SENP2 S344 phosphorylation (Figures 1C,E). These findings suggest that CHK1 plays a role in L-flow-mediated SENP2 S344 phosphorylation.

Moreover, since CHK1 activation is known to be regulated by the CHK1-mediated phosphatase 2A circuit (54), we assessed the effect of GDC 0575 on CHK1 activation. Interestingly, treatment with GDC 0575 led to an increase in CHK1 S345 phosphorylation, indicates effective suppression of CHK1 activation due to the inhibition of phosphatase 2A activity (Figures 1C,G). Notably, we observed an increase in CHK1 phosphorylation at S280, but not S345, in the vehicle-treated HUVECs after L-flow, which was abolished by GDC 0575 (Figures 1C,F,G). It is worth noting that phosphorylation of CHK1 at S280, but not S345, promotes CHK1 nuclear translocation (45, 55, 56). Therefore, it is possible that CHK1-mediated SENP2 S344 phosphorylation following L-flow is regulated by CHK1 S280 phosphorylation-driven CHK1 nuclear translocation rather than CHK1 S345 phosphorylation-dependent kinase activation.

To investigate the functions and regulatory mechanisms of SENP2 S344 phosphorylation, we utilized CRISPR/Cas9 technology to generate mice with a phospho-site mutation in SENP2 at S344 (SENP2 S344A KI mice) (47). We isolated ECs from the lungs of the SENP2 S344A KI mice (SENP2 S344A KI MLECs) and examined the effects of L-flow on SENP2 S344 phosphorylation. Notably, we observed that L-flow-induced SENP2 S344 phosphorylation was significantly inhibited in SENP2 S344A KI MLECs (Figure 1H). Furthermore, we investigated the impact of SENP2 S344 phosphorylation on the SUMOylation of ERK5 and p53. Interestingly, we observed an increase in the SUMOylation of ERK5 and p53 in SENP2 S344A KI MLECs specifically after L-flow stimulation, while no significant changes were observed under static conditions, compared to those in WT MLECs (Figures 1I,J). These findings strongly suggest that SENP2 S344 phosphorylation induced by L-flow plays a crucial role in inhibiting the SUMOylation of ERK5 and p53 through modulating SENP2 deSUMOylation activity.



SENP2 S344 phosphorylation suppresses EC inflammation and apoptosis in vivo

We have previously reported that SENP2 plays a crucial role in inhibiting EC inflammation and apoptosis by suppressing the SUMOylation of ERK5 and p53 (10, 57). While we did not observe an increase in SENP2 S344 phosphorylation in HUVECs exposed to D-flow in vitro (Figures 1B,D), our previous study has demonstrated that depletion of SENP2 leads to increased adhesion molecule expression and apoptosis in both L-flow and D-flow conditions in SENP2 knock-out mice (9). To further investigate the impact of SENP2 S344 phosphorylation on EC inflammation and apoptosis, we examined the effects in both L-flow and D-flow conditions using mice carrying the phospho-site mutation SENP2 S344A KI. Immunofluorescence staining revealed increased expression of VCAM1, a marker of EC inflammation, in the D-flow condition of the phospho-site mutation SENP2 S344A KI mice (Figure 2A). Additionally, TUNEL staining revealed an increased number of TUNEL-positive cells, indicating apoptosis, in the D-flow condition of the phospho-site mutation SENP2 S344A KI mice (Figure 2B). These findings provide further evidence supporting the role of SENP2 S344 phosphorylation in suppressing EC inflammation and apoptosis by preserving the deSUMOylation activity of SENP2 in an in vivo context.
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FIGURE 2
Increased EC inflammation and apoptosis in SENP2 S344A KI mice: (A) En face preparation of WT and SENP2 S344A KI aortas were immunofluorescence-stained with VCAM1 (red, EC inflammation) and VE-Cad (green, EC marker). (B) Aortic sections were stained with TUNEL (green, EC apoptosis (106)) and DAPI (blue, nucleus (9)). TUNEL-positive apoptotic nuclei were counted, indicating the colocalization between the TUNEL signal (representing fragmented DNA) and the DAPI signal (representing cell nuclei) (28). The graphs present quantified data from 5 independent samples (n = 5) (*p < 0.05, **p < 0.01, two-way ANOVA for (A); unpaired t-test for (B)).




The phospho-site mutation SENP2 S344a KI mice exhibit larger lipid-laden lesions

To assess the effect induced by SENP2 S344 phosphorylation in atherogenesis, we injected both WT control mice and phospho-site mutation SENP2 S344A KI mice with a single dose of rAAV8-mPCSK9 and fed them a high fat diet (HFD) for 16 weeks (42, 46). There were no differences in body weight and cholesterol levels between the WT and the phospho-site mutation SENP2 S344A KI mice (Supplementary Figures S1A,B). However, en face Oil Red O staining of mouse aortas showed significantly larger lipid-laden lesions in both the aortic arch (D--flow) and descending aorta (L-flow) of the female phospho-site mutation hypercholesteremic (HC) SENP2 S344A KI mice (Figures 3A,B, lower panel). In the male HC phospho-site mutation SENP2 S344A KI mice, significantly larger lipid-laden lesions were only observed in the aortic arch area (D-flow, Figure 3B, upper panel), suggesting that HC-mediated EC activation and atherogenesis are weaker in males compared to females. Because DNA damage-induced activation in cells of the vessel walls, i.e., ECs (14–16), is associated with atherogenesis, we determined whether the pro-atherosclerotic property of the phospho-site mutation SENP2 S344A KI is due to deficient SENP2 S344 phosphorylation in the cells of the vessel walls. Bone marrow cells in eight-to-nine-week-old SENP2 S344A KI or WT mice were ablated through lethal irradiation, then grafted with bone marrow cells extracted from WT donors of the same age (Figure 3C). Six weeks of recovery from bone marrow transplantation (BMT) (58), both WT → WT and WT → SENP2 S344A KI mice (Figure 3C) were injected with a single dose of rAAV8-mPCSK9 and fed a HFD (42) (Figure 3C). Twenty-two weeks after HFD, genomic DNA was extracted from peripheral blood and used for PCR to verify if BMT was successful (Figure 3D). There was no difference in body weight and cholesterol levels between WT→ WT and WT→SENP2 S344A KI (Supplementary Figures S1C,D) in both male and female mice. Although HC-mediated formation of lipid-laden lesions is weaker in systemic SENP2 S344A KI male mice compared to that of female mice, male WT→SENP2 S344A KI mice displayed larger lipid-laden lesions in D-flow areas (Figures 3E,F). Larger plaque lesions in the aortic valve cross-sectional areas were observed in WT → SENP2 S344A KI male mice compared to those in WT → WT male mice, suggesting that SENP2 S344 phosphorylation in the vessel wall plays a crucial role in inhibiting atherosclerotic formation, especially in D-flow areas (Figures 3G,H). Although the percentage of necrotic core formation per total lipid-laden areas was almost identical between male WT → SENP2 S344A KI and male WT → WT mice (Figure 3I), the fibrotic caps covering necrotic cores were thinner in male WT → SENP2 S344A KI (Figure 3J), suggesting that SENP2 S344 phosphorylation in cells of the vessels prevents vulnerable plaque formation (Figures 3I,J).
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FIGURE 3
Increased lipid-laden lesions and fibrotic caps in SENP2 S344A KI mice: SENP2 S344A KI and WT mice were injected with a single dose of rAAV8-mPCSK9 and fed a high fat diet (HFD) for 16 weeks (42). (A) En face Oil Red O staining was performed to quantify lipid abundance and distribution. (C) The bone marrow transplantation (BMT) procedure was conducted (58). (D) Representative PCR data demonstrate the success of the BMT. (E) En face Oil Red O staining was performed on the BMT-generated models. (G) Aortic valve leaflet sections were stained with Masson's trichrome to evaluate changes in the aortic valves. (B, F, H–K) The graphs present quantified data from samples (n = 7–10) (*p < 0.05, **p < 0.01, unpaired t-test). N.S. indicates non-significant.




Radiation accelerates EC activation through the downregulation of CHK1 expression

Although en face Oil Red O staining showed that lipid-laden lesions in female SENP2 S344A KI mice were larger than in female WT mice (Figures 3A,B), when these female mice underwent BMT for vascular-specific models, the lipid-laden lesions in female WT → SENP2 S344A KI mice were almost identical to those in female WT → WT mice (Figure 4A). During BMT, mice were irradiated; therefore, we hypothesized that radiation may alter CHK1 and/or SENP2 activity. To address this possibility, we irradiated HUVECs and observed a dose-dependent reduction in both SENP2 S344 phosphorylation and CHK1 expression, accompanied by elevated expression of VCAM1 and ICAM1. The changes in VCAM1 and ICAM1 expression showed an inverse correlation with changes in CHK1 expression and SENP2 S344 phosphorylation (Figures 4B,C). Furthermore, CHK1 depletion accelerated ERK5 SUMOylation (Figure 4D) and D-flow-induced ICAM1 expression (Figure 4E), while counteracting the anti-inflammatory effect of L-flow (Figures 4F,G). These data suggest that radiation induces EC activation by suppressing the CHK1-SENP2 S344 phosphorylation axis. Therefore, the effect of the phospho-site mutation SENP2 S344A KI mice on atherosclerotic plaque formation became unclear, especially in female mice after BMT (Figure 4A), compared to the phospho-site mutation SENP2 S344A KI mice that did not receive radiation (Figures 3A,B lower panel).
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FIGURE 4
Radiation-induced EC activation through CHK1 downregulation: (A)there was no significant difference in lipid-laden lesions between female WT → WT and WT → SENP2 S344A KI mice (n = 3–4). (B) Expression levels of CHK1, SENP2 (p-S344 and total), VCAM1, ICAM1, and actin were evaluated in HUVECs exposed to 0, 2, 4, 6, 8 Gy of ionizing radiation (IR) for 24 h. (C) The graphs present quantified data from 3 independent experiments (**p < 0.01, two-way ANOVA). (D, left panel) SUMOylated ERK5 was assessed in siRNA-treated HUVECs, and the lysates were immuno-precipitated as described in Figure 1I. (D, right panel) The graphs present quantified data from 3 independent experiments (**p < 0.01, t-test). (E, left panel) siRNA-treated HUVECs were exposed to D-flow for 24 h, and the expression of ICAM1, CHK1, and actin were determined using immunoblotting. (E, right panel) The graphs present quantified data from 3 independent experiments (*p < 0.05, two-way ANOVA). (F) Expression levels of ICAM1, VCAM1, CHK1, and actin were evaluated in siRNA-treated HUVECs exposed to L-flow for 24 h using immunoblotting. (G) The graphs present quantified data from 3 or 4 independent experiments (*p < 0.05, **p < 0.01, two-way ANOVA).




SENP2 S344 phosphorylation suppresses various processes contributing to EC activation

To elucidate the functional role of L-flow-induced SENP2 S344 phosphorylation, SENP2 S344A KI MLECs and WT MLECs were exposed to L-flow for 24 h, and RNA-seq was performed. We identified 427 differentially expressed genes (DEGs) in SENP2 S344A KI MLECs compared to WT MLECs (Figure 5A). Among these DEGs, 259 out of 427 DEGs were regulated by L-flow (Figure 5B). GO analysis revealed that these 427 DEGs are associated with migration, positive regulation of epithelial cell proliferation, multicellular organism development, positive regulation of angiogenesis, and cell adhesion, all of which are known to contribute to EC activation (Figures 5D,E). GO Circle analysis revealed positive Z-scores (indicating activation) of all these processes in SENP2 S344A KI MLECs (Figure 5E). Furthermore, an in vitro study showed that L-flow promotes the migration of HUVECs, and this effect was further enhanced by the transduction of Ad-SENP2 S344A phospho-site mutation (Figures 5F,G). Activation of ERK5 transcriptional activity can suppress EC migration (59), and our previous study has demonstrated that ERK5 SUMOylation can inhibit ERK5 transcriptional activity (49). Therefore, the increased migration of HUVECs driven by the transduction of Ad-SENP2 S344A can be attributed to an increase in ERK5 SUMOylation. Collectively, our findings suggest the involvement of SENP2 S344 phosphorylation in regulating various processes contributing to EC activation, including EC migration.
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FIGURE 5
Increased EC pathophysiological stress response in SENP2 S344A KI MLECs: (A) the volcano plot illustrates the differentially expressed genes (DEGs) in WT MLECs compared to SENP2 S344A KI MLECs after L-flow; “red” dots represent upregulated DEGs, and “blue” dots represent downregulated DEGs. (B) A heatmap displaying hierarchical clustering of DEGs between WT MLECs vs. SENP2 S344A KI MLECs after L-flow for 24 h. (C) A Venn diagram indicating the total number of DEGs in WT MLECs and SENP2 S344A KI MLECs. (D) Annotation of EC activation-related gene ontology (GO) pathways identified in quadruplicate between WT MLECs vs. SENP2 S344A KI MLECs. (E) A molecular function Chord plot illustrating the enriched GO biological process terms associated with EC activation in SENP2 S344A KI MLEC transcripts, along with the corresponding genes arranged by their expression levels. (F) HUVECs transduced with Ad-SENP2 WT or Ad-SENP2 S344A were subjected to a scratch assay and exposed to L-flow for 6 h. Representative images of cell migration are shown. The dashed line represents the initial or final migration areas. (G) The graphs present quantified data from 6 independent experiments (*p < 0.05, **p < 0.01, two-way ANOVA).




SENP2 S344 phosphorylation suppresses fibrotic changes concurrent with upregulating EC-specific gene expression

Based on the knowledge-based database of Ingenuity Pathways Analysis (IPA), we identified the pulmonary fibrosis idiopathic signaling pathway as the top-ranked enriched IPA canonical pathway. Moreover, the Z-score (a measurement of activation) from IPA suggests that fibrotic changes-related processes in the pulmonary fibrosis idiopathic signaling pathway and hepatic fibrosis signaling pathway are positively upregulated in SENP2 S344A KI MLECs compared to WT MLECs after L-flow (Figure 6A; Supplementary Table S1). Even in static conditions, the Z-score of the pulmonary fibrosis idiopathic signaling pathway remains positive, further suggesting the pro-fibrotic effects of the phospho-site mutation SENP2 S344A KI MLECs (Figure 6B). Importantly, the Z-score of all processes contributing to EC activation, such as cell adhesion, angiogenesis, positive regulation of epithelial cell proliferation, and extracellular matrix organization, is also positive in SENP2 S344A KI MLECs under static conditions. These data strongly suggest the contribution of SENP2 S344 phosphorylation to EC activation (Figures 6C,D). Consistent with these findings, we observed an increase in DNA synthesis in SENP2 S344A KI MLECs compared to WT MLECs (Figure 6E). To evaluate the role of SENP2 S344 phosphorylation in fibrotic changes, we determined the expression levels of fibrotic and mesenchymal markers and found that both TWIST1 (fibrotic marker) and αSMA (mesenchymal marker) expression were increased in SENP2 S344A KI MLECs (Figure 6F). Since d-flow can activate endoMT, we also assessed the expression of both mesenchymal and EC-specific genes. We found that the expression of both mesenchymal and EC-specific gene was upregulated in SENP2 S344A KI MLECs after L-flow (Figures 6G,H). These data suggest that the phospho-site mutation SENP2 S344A KI MLECs exhibit a distinct expression pattern, promoting fibrotic changes while maintaining EC phenotypes without inducing endoMT. This distinct expression pattern may account for the decrease in fibrotic cap area without changing collagen composition in phospho-site mutation SENP2 S344A KI mice (Figure 3K) because a decrease in fibrotic cap areas did not cause a parallel decrease in collagen composition.
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FIGURE 6
Increased EC activation-stimulated fibrosis in SENP2 S344A KI MLECs with upregulated expression of EC markers: (A) after L-flow, the Z-score of fibrosis-related processes is positively upregulated in SENP2 S344A KI MLECs, as determined by IPA analysis. (B) Under static condition, the Z-score of the pulmonary fibrosis idiopathic signaling pathway remains positive in SENP2 S344A KI MLECs. (C,D) Under static condition, the Z-score of EC activation-associated processes, including cell adhesion, angiogenesis, positive regulation of epithelial cell proliferation, and extracelular matrix organization, is positive in SENP2 S344A KI MLECs. (E) DNA synthesis is increased in HUVECs transduced with Ad-SENP2 S344A compared to HUVECs transduced with Ad-SENP2 WT, as demonstrated by data from 3 independent experiments. (F, left panel) The expression of mesenchymal markers (TWIST1, αSMA) is increased in SENP2 S344A KI MLECs. (F, right panel) The graphs present quantified data from 3 independent experiments (*p < 0.05, t-test). (G,H) The expression of both mesenchymal (G) and endothelial (H) markers is increased in SENP2 S344A KI MLECs.




Via SENP2 S344 phosphorylation and ERK5 activation, L-flow upregulates the expression of DDIAS, which inhibits EC apoptosis

Venn diagram analysis revealed 117 DEGs in the WT MLECs after L-flow. Among these DEGs, 14 out of 117 DEGs were regulated by SENP2 S344 phosphorylation (Figure 7A). Notably, Ddias, II6st, Kif18b, Pdgfrl, Podn, Ptpn18, Stc10a6, Slc7ab, and Tgfb3 were identified as 9 core genes regulated by L-flow-induced SENP2 S344 phosphorylation (Figures 7A,B). These 9 core genes likely play a critical role in various processes contributing to EC activation, as depicted in Figures 6C,D. Interestingly, we observed that the expression of transforming growth factor beta 3 (Tgfb3), a regulator of fibrotic changes (60), was inhibited by L-flow, and this inhibition was abolished in the SENP2 S344A KI MLECs (Figure 7B). These findings suggest that Tgfb3 is involved in the anti-fibrotic effects mediated by SENP2 S344 phosphorylation. Furthermore, a heatmap analysis of these 9 core genes revealed that Ddias was one of the most significantly upregulated genes (Figure 7B). As Ddias expression is regulated by ERK5 activation and has been shown to inhibit cell death (61, 62), we investigated whether L-flow-induced ERK5 activation regulates DDIAS expression. In HUVECs, we found that the upregulated expression of DDIAS induced by L-flow was abolished when treated with XMD8-92, an ERK5 specific inhibitor (Figure 7C). Previously, we reported that ERK5 transcriptional activity is involved in ionizing radiation (IR)-induced EC apoptosis (63). To assess the role of DDIAS expression in EC apoptosis, we exposed HUVECs expressing DDIAS to 2 Gy of IR and observed that the increase in cleaved caspase 3 expression induced by IR was attenuated (Figure 7D). These findings collectively highlight the crucial role of DDIAS in the anti-apoptotic effects mediated by L-flow.
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FIGURE 7
L-flow upregulates DDIAS expression via SENP2 S344 phosphorylation and ERK5 activation to suppress EC apoptosis: (A) the venn diagram illustrates the significant DEGs between the groups. (B) The heatmap displays the nine core genes, including DDIAS. (C, left panel) Pretreatment with XMD8-92 (5 µM), an ERK5-specific inhibitor, suppresses L-flow-mediated upregulation of DDIAS expression in HUVECs after 24 h. (C, right panel) The graphs present quantified data from 3 independent experiments (**p < 0.01, two-way ANOVA). (D, left panel) HUVECs were overexpressed with DDIAS using the DDIAS plasmid or control plasmid, then exposed to IR for 24 h. The increased expression of cleaved caspase-3 induced by IR is reversed by DDIAS overexpression. (D, right panel) The graphs present quantified data from 3 independent experiments (*p < 0.05, two-way ANOVA). “pCont” refers to the control plasmid, and “pDDIAS” refers to the DDIAS plasmid. (E) The scheme illustrates the mechanism of L-flow-induced SENP2 S344 phosphorylation in suppressing the EC pathophysiological stress response.





Discussion

CHK1 phosphorylates SENP2 at S344 (19), which was discovered as a new residue through mass spectrometry-based phospho-proteomics but with uncharacterized functions (38, 39). In this study, we present evidence describing the functional role and regulatory mechanism governing SENP2 S344 phosphorylation in ECs after L-flow. L-flow enhances the phosphorylation of CHK1 S280 and SENP2 S344, leading to an increase in SENP2 deSUMOylation activity. This is supported by the suppression of ERK5 and p53 SUMOylation and the inhibition of EC inflammation and apoptosis. The phospho-site mutation SENP2 S344A KI mice exhibit an increase in adhesion molecule expression and apoptosis, as well as larger lipid-laden lesions in both female and male mice undergoing HC-mediated atherosclerosis compared to the WT mice, although HC-mediated atherogenesis is weaker in male mice. However, when these mice undergo BMT, lipid-laden lesions in the female WT → SENP2 S344A KI mice are almost identical to those of the female WT → WT mice. We found that radiation can alter the anti-atherosclerotic effect of SENP2 S344 phosphorylation by downregulating the expression of CHK1. Therefore, interpreting the anti-atherosclerotic effect of CHK1-SENP2 S344 phosphorylation in the model of atherosclerosis after BMT would be challenging. Importantly, we found that the CHK1-SENP2 S344 phosphorylation axis coordinately suppresses multiple processes associated with fibrotic changes concurrent with EC activation, such as inflammation, migration, proliferation, and apoptosis. The deficient SENP2 S344 phosphorylation instigates various processes associated with fibrotic changes, along with upregulated expression of EC-specific genes, suggesting that L-flow-induced CHK1-SENP2 S344 phosphorylation promotes fibrotic changes through a mechanism distinct from endoMT. Lastly, we found that by activating ERK5, L-flow upregulates the expression of DDIAS, which subsequently suppresses EC apoptosis by phosphorylating SENP2 S344. Taken together, our data suggest the key role of the CHK1-SENP2 S344 phosphorylation axis in regulating various processes contributing to both EC activation and fibrotic changes in concert. This process is initiated by DDR (CHK1) activation and inhibits both EC activation and fibrotic changes by inducing SENP2 deSUMOylation activity. Our findings suggest that the CHK1-SENP2 S344 phosphorylation axis may suppress excessive EC activation and fibrotic changes after various pathophysiological stresses for maintaining EC barrier function, especially under L-flow.

In this study, we found that L-flow induces the CHK1-SENP2 S344 phosphorylation axis, which inhibits EC inflammation (including adhesion molecule expression), migration, proliferation, apoptosis, and fibrotic changes. These components are critical in the EC response to pathophysiological stress. It is well known that L-flow inhibits these processes, while D-flow activates them (20). Our findings demonstrate that L-flow-induced CHK1-SENP2 S344 phosphorylation increases SENP2 deSUMOylation activity, leading to the inhibition of ERK5 and p53 SUMOylation. In contrast, our previous reports have shown that D-flow-induced p90RSK-SENP2 T368 phosphorylation inhibits SENP2 function in the nucleus, resulting in increased SUMOylation of ERK5 and p53 (9). Together, these findings highlight the crucial role of SENP2 deSUMOylation activity in regulating various processes associated with the EC response to pathophysiological stress, including inflammation, migration, proliferation, apoptosis, and fibrotic changes in concert. These processes occur under two different flow patterns, utilizing two different SENP2 phosphorylation sites: T368 by p90RSK and S344 by CHK1. These phosphorylation sites play a vital role in determining SENP2 deSUMOylation function and subsequent pro- vs. anti-EC activation (Figure 7E). Furthermore, we have previously reported that IR increases p90RSK activation, which phosphorylates SENP2 T368 (63, 64). Therefore, through its dual effects of downregulating CHK1 expression and activating p90RSK, IR can induce a severe EC response to pathophysiological stress, especially under flow conditions in vivo (Figure 7E). Nevertheless, further studies are necessary to clarify these possibilities.

ECs are exposed to various stimuli, including blood flow, inflammation, and metabolites, which can influence their phenotypes and functions. While the plasticity and heterogeneity of ECs can allow them to adapt to these alterations (65), certain stimuli can lead to diseases. For instance, inflammation accompanied by increased TGFβ expression can trigger reactivation of endoMT (65, 66), resulting in fibrotic disorders and cardiac fibrosis (29, 67–72). Additionally, D-flow can activate endoMT, contributing to the development of atherosclerosis (31, 73–75). Our RNA-seq analysis revealed that SENP2 S344 phosphorylation plays a negatively regulatory role in pulmonary fibrosis idiopathic signaling and hepatic fibrosis/hepatic stella cell activation pathways, suggesting its involvement in regulating fibrotic changes. However, unlike endoMT, we observed an upregulation of both mesenchymal and EC-specific markers in SENP2 S344A KI MLECs compared to WT MLECs after L-flow. This pattern has also been reported in ECs of glaucomatous Schlemm's canal (76). We propose that the fibrotic changes observed in SENP2 S344 KI MLECs, without overt endoMT phenotypes, represent a unique type of EC response to pathophysiological stress.

The role of DDR in blood flow-regulated EC function is not yet established. ATR, which responds to single-stranded DNA breaks by activating the DNA damage checkpoint through phosphorylation of CHK1 S345, can be activated by mechanosensitive ion channel Piezo and NO signaling independently of DNA damage (77). In ous study, we observed that neither L-flow nor d-flow increased CHK1 S345 phosphorylation. However, L-flow did increase CHK1 S280 phosphorylation, which facilitates CHK1 translocation from the cytoplasm to the nucleus and activates downstream CHK1 signaling in response to serum stimulation (55). These findings suggest that ATR activation may not be involved in CHK1 function. Since L-flow induced SENP2 S344 phosphorylation without affecting CHK1 S345 phosphorylation, it is possible that L-flow-induced CHK1 nuclear translocation plays a crucial role in promoting nuclear SENP2 S344 phosphorylation. The mechanism underlying L-flow-induced CHK1 S280 phosphorylation remains unknown and requires further investigation.

We made an unexpected observation that radiation downregulates CHK1 expression in ECs. To the best of our knowledge, this is the first study to demonstrate a reduction in CHK1 protein expression following radiation exposure. While it is known that p53 and RB1/E2F1 can upregulate CHK1 promoter activity (78) and CHK1 ubiquitination has been reported (79), the specific mechanism by which radiation inhibits CHK1 expression in ECs remains unclear. Given that we have established the role of CHK1-mediated SENP2 S344 phosphorylation in EC fibrotic changes, but not in endoMT, it is possible that radiation induces EC fibrotic changes without triggering endoMT, thereby contributing to the formation of vulnerable plaques. Although radiation-induced endoMT associated with radioresistance in cancer has been reported (80), the role of EC fibrotic changes in radioresistance has not been explored. Therefore, it is crucial to investigate the CHK1-SENP2 S344 phosphorylation axis to understand radiation-induced cardiovascular events and resistance against tumorigenesis. Our findings shed light on a novel aspect of CHK1 biology and its potential implications in how blood flow influences atherogenesis. This knowledge informs current preclinical and clinical interest in CHK1 inhibitors.

While epidemiological and experimental studies have demonstrated the detrimental cardiovascular effects of high doses of IR, the impact of low-dose IR remains unclear (81, 82). A study by Schöllnberger et al. (83, 84) did not definitively establish a risk of heart disease for individuals exposed to doses below 2.6 Gy, while Azizova et al. (85) indicated an increased risk of developing ischemic heart disease for cumulative external doses above 1 Gy. However, there is a lack of epidemiological data on the impact of radiation on cardiovascular diseases after exposure to low to moderate doses, particularly below 500 mGy (86–93). Several experimental studies have focused on investigating the effects of low-dose radiation using mouse models of atherosclerosis, specifically genetically modified ApoE knocked out (KO) mice fed a chow diet. These studies underscore the importance of considering the dose-rate of radiation exposure (94). Mitchel et al. (95, 96) demonstrated that exposure to low-dose IR, especially at a low dose rate, slowed plaque progression in mice. Conversely, Mancuso et al. (97) indicated that acute irradiation at moderate doses (300 mGy) can have detrimental effects on atherosclerosis, whereas chronic exposure to the same dose has a lesser impact. Additionally, both Le Gallic et al. (98) and Ebrahimian et al. (99) found that chronic internal low-dose IR enhances plaque stability in ApoE KO mice. Furthermore, these studies (98, 99) showed a decrease in inflammatory parameters following exposure to low-dose IR, such as reduced plaque content of CD68+ foam cells and a shift in aortic mRNA expression favoring anti-inflammatory cytokines over pro-inflammatory ones (98, 99). These findings support the notion that IR affects the immune system, with high doses promoting inflammation (100) and pro-inflammatory macrophages (101), while lower doses lead to decreased inflammation (102). In a study by Rey et al., the immunomodulatory response to different doses of low-dose IR was investigated. The study utilized ApoE KO mice and examined cumulative doses ranging from 50 to 1,000 mGy, with dose-rates of γ rays set at very low (1.4 mGy h−1) or low (50 mGy h−1) levels. The results revealed a significant decrease in pro-inflammatory Ly6CHi monocytes at all cumulative doses when exposed to low dose-rate radiation. However, at very low dose-rates, reductions in Ly6CHi cells were observed only at doses of 50, 100, and 750 mGy. Conversely, the proportions of Ly6CLo monocytes were not affected by low-dose IR. Additionally, the proportions of CD4+ T cell subsets in the spleen showed no differences between irradiated mice and non-irradiated controls, whether assessing CD25+FoxP3+ regulatory or CD69+ activated lymphocytes. Within the aorta, the gene expression of cytokines such as IL-1 and TGF-β, as well as adhesion molecules including E-Selectin, ICAM-1, and VCAM-1, were reduced at an intermediate dose of 200 mGy. These findings suggest that low-dose IR may decrease the formation of atherosclerotic plaques by selectively reducing pro-inflammatory monocytes in the bloodstream and impairing adhesion molecule expression and inflammatory processes in the vessel wall. In contrast, the splenic T lymphocytes showed no significant effects from low-dose IR. Notably, some responses to irradiation exhibited nonlinear behavior, as reductions in aortic gene expression were significant at intermediate doses but not at the highest or lowest doses. This study contributes to our understanding of how low-dose IR with different dose-rates impacts the immune system response in the context of atherosclerosis (103). Furthermore, in smooth muscle cell lineage-tracing mice (Myh11-ERT2Cre ROSA-STOP-eYFP) on the ApoE KO background, total body γ-irradiation of 12 Gy and subsequent bone marrow reconstitution led to the loss of smooth muscle cell investment in lesions induced by an 18-week Western diet. This effect was observed in the brachiocephalic artery, carotid arteries, and the aortic arch, but not in the aortic root or abdominal aorta (104). Ikeda et al. reported that IR has a suppressive effect on the initiation of atherogenesis in the aortic arch by inhibiting the accumulation of LDL in the intima. However, as time progresses, the growth of lesions is influenced by delayed accumulation of neutral lipid and myeloid cells in the intima, as well as reduced coalescence of small foam cell clusters into larger lesions. Notably, the lateral expansion of lesions, as measured by the lesion outline area, appears to be minimally affected. This suggests that the lateral expansion of lesions may primarily depend on d-flow or other factors that are not influenced by irradiation. Additionally, other mechanisms may contribute to the phenotype observed after BMT, particularly at later stages when the height of lesions is significantly reduced. Single-cell transcriptomic analysis indicates that IR diverts LDL uptake by ECs towards lysosomal degradation and reverse cholesterol transport pathways. This diversion leads to a reduction in intimal lipid accumulation and impacts the initiation and growth of lesions without affecting paracellular leakage (105). These findings demonstrate the complexity of the relationship between radiation and atherosclerosis, which can depend on various factors, including the dose and duration of radiation exposure, the specific tissues or organs affected, and individual susceptibility. While some studies suggest that radiation exposure may contribute to the development or progression of atherosclerosis, other research findings are inconclusive or even indicate potential protective effects. It is important to acknowledge that radiation is employed in medical treatments like radiation therapy, which can have both therapeutic benefits and potential side effects. The impact of radiation on atherosclerosis may vary depending on the context in which it is applied, such as therapeutic radiation versus accidental exposure. Therefore, further research is required to gain a comprehensive understanding of the association between radiation and atherosclerosis. However, the findings from the study by Ikeda et al. provide intriguing insights. According to their research, the lesions observed in our BMT model appear to rely on hemodynamics rather than radiation (105). These findings align perfectly with the objectives of our own study.

We observed a downregulation of CHK1 protein expression in ECs following radiation exposure; however, the specific mechanisms involved remain unclear and require further research. Our findings suggest a potential association between radiation-induced EC fibrotic changes and vulnerable plaque formation, but a comprehensive investigation of the relationship between radiation, endoMT, and atherosclerosis is still needed. Furthermore, it is important to acknowledge that in vitro experiments and animal models may not fully capture the intricacies of human physiology and disease. Hence, additional studies utilizing human samples and clinical research are necessary to validate these findings and determine their relevance to human cardiovascular health. Moreover, it should be noted that this study does not focus on the clinical implications or long-term outcomes of radiation-induced cardiovascular events or resistance against tumorigenesis, as they lie beyond the scope of our research. Consequently, future investigations should aim to address these aspects and provide a more comprehensive understanding of the potential impact of the CHK1-SENP2 S344 phosphorylation axis and radiation exposure on human health.
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Background: Venous thrombosis (VT) is multifactorial trait that contributes to the global burden of cardiovascular diseases. Although abundant single nucleotide polymorphisms (SNPs) provoke the susceptibility of an individual to VT, research has found that the five most strongly associated SNPs, namely, rs6025 (F5 Leiden), rs2066865 (FGG), rs2036914 (F11), rs8176719 (ABO), and rs1799963 (F2), play the greatest role. Association and risk prediction models are rarely established by using merely the five strongly associated SNPs. This study aims to explore the combined VT risk predictability of the five SNPs and well-known non-genetic VT risk factors such as aging and obesity in the Hungarian population.



Methods: SNPs were genotyped in the VT group (n = 298) and control group (n = 400). Associations were established using standard genetic models. Genetic risk scores (GRS) [unweighted GRS (unGRS), weighted GRS (wGRS)] were also computed. Correspondingly, the areas under the receiver operating characteristic curves (AUCs) for genetic and non-genetic risk factors were estimated to explore their VT risk predictability in the study population.



Results: rs6025 was the most prevalent VT risk allele in the Hungarian population. Its risk allele frequency was 3.52-fold higher in the VT group than that in the control group [adjusted odds ratio (AOR) = 3.52, 95% CI: 2.50–4.95]. Using all genetic models, we found that rs6025 and rs2036914 remained significantly associated with VT risk after multiple correction testing was performed. However, rs8176719 remained statistically significant only in the multiplicative (AOR = 1.33, 95% CI: 1.07–1.64) and genotypic models (AOR = 1.77, 95% CI: 1.14–2.73). In addition, rs2066865 lost its significant association with VT risk after multiple correction testing was performed. Conversely, the prothrombin mutation (rs1799963) did not show any significant association. The AUC of Leiden mutation (rs6025) showed better discriminative accuracy than that of other SNPs (AUC = 0.62, 95% CI: 0.57–0.66). The wGRS was a better predictor for VT than the unGRS (AUC = 0.67 vs. 0.65). Furthermore, combining genetic and non-genetic VT risk factors significantly increased the AUC to 0.89 with statistically significant differences (Z = 3.924, p < 0.0001).



Conclusions: Our study revealed that the five strongly associated SNPs combined with non-genetic factors could efficiently predict individual VT risk susceptibility. The combined model was the best predictor of VT risk, so stratifying high-risk individuals based on their genetic profiling and well-known non-modifiable VT risk factors was important for the effective and efficient utilization of VT risk preventive and control measures. Furthermore, we urged further study that compares the VT risk predictability in the Hungarian population using the formerly discovered VT SNPs with the novel strongly associated VT SNPs.
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Introduction

Venous thrombosis (VT) is one of the three leading causes of cardiovascular disease (CVD)-related mortality with a significant genetic predisposition (1–3). It is a multifactorial trait that contributes to the global burden of CVD (4–7). In Europe, although overall CVD-related morbidity is decreasing, mortality remains substantially high. CVD is the leading cause of mortality in Europe, accounting for over 3.9 million deaths annually (8–10). Furthermore, approximately 60 million CVD premature deaths (death < 70 years) have been reported in Europe (10).

VT is a major health problem with a significant annual incidence (7.62/100,000) and mortality (3.70/100,000) (11). A higher burden of CVD-related mortality has been reported in Central and Eastern Europe (8, 12). Hungary shares the highest proportion of this mortality (8, 13). CVDs remain the most prominent cause of death in Hungary (13). As of 2014, approximately 35,000 women and 27,000 men have died from CVDs annually, accounting for 55% and 45% of all deaths for women and men, respectively (13). The age-standardized CVD death rate in Hungary is more than double the European Union (EU) average reported in 2014 (13). The availability of prophylaxis could significantly avert this burden by targeting high-risk individuals for treatment (11, 14). According to Rudolf Virchow's triad explanation (15), thrombosis is the result of three major factors, namely, blood flow stasis (16, 17), endothelial injury (18–20), and hypercoagulability (21). The inheritable prothrombotic factors influence VT risk via the coagulation process (21, 22), whereas the non-inheritable risk factors influence VT risk either via stasis or endothelial injury (23, 24).

Various studies have established the impact of heritable factors on VT risk (25–27). The incidence of repeated hospitalization due to VT is twofold higher in people with affected families than that in the general population (1–3). Although abundant single nucleotide polymorphisms (SNPs) provoke the susceptibility of an individual to VT (28–31), research has found that the five most strongly associated SNPs, namely, rs6025 (Leiden mutation) in the F5 gene, rs1799963 (prothrombin G20210A) in the coagulation factor 2 gene (F2), rs8176719 (non-O blood type) in the ABO gene, rs2036914 in the coagulation factor eleven gene (F11), and rs2066865 in the fibrinogen gamma gene (FGG), play the greatest role in determining VT incidence and recurrence in genetically vulnerable individuals (29, 32, 33).

The Leiden mutation is one of the most dominant inheritable VT risk factors that increase the burden of VT in genetically vulnerable individuals (34–36). The Leiden mutation/F5 prevalence is unevenly distributed across Europe with an average prevalence of 4% in the general population. The highest frequency is reported in Southeastern Europe and Northern Europe, whereas the lowest frequency is reported in Eastern and Western Europe (37, 38). The Leiden mutation prevalence is highest in European descent populations (3%–8%) (34, 39), followed by Caucasian Americans (5%). However, it is highly rare in African Americans (1.2%) and Asian-Americans (0.45%) (34) and absent in Africans (40, 41). Similarly, the prothrombin gene mutation/F2, often known as the G20210A mutation, is the second most prevalent inheritable VT risk in Caucasians (2%–4%) (39), particularly those of European ancestry (4%) and Caucasian Americans (2%). However, it is less prevalent in African Americans, accounting for approximately 0.4% (one in 250), and highly rare in Africans and Asians (39, 42).

Often, due to their coexistence and possible gene‒gene interaction, the prothrombin gene mutation (rs1799963) and Leiden mutation (rs6025) SNPs were studied together (43). Furthermore, studies showed that the ancestral distribution of coagulation factor 11 (rs2036914) is similar in both Caucasians and African Americans (44, 45). Studies indicated that O blood-type individuals are at lower risk of VT than non-O blood-type individuals (46, 47), who are at a higher risk of VT (48–51). In addition, Kinsella et al. reported that the risk of venous thromboembolism (VTE) is higher in African Americans and non-O blood-type individuals than that in Caucasians and O blood-type individuals (52).

An individual who is a carrier of multiple variants is more vulnerable to VT. Studies have indicated that the combination of strongly associated VT SNPs [rs6025 (F5), rs1799963 (F2), rs8176719 (ABO), rs2036914 (F11), and rs2066865 (FGG)] poses a greater VT risk than that risk occurring by an individual SNP (29, 53). The genetic risk score (GRS) of strongly associated VT variants results in the greatest risk compared with a larger number of SNP combinations. De Haan et al. (29) showed that the VT risk prediction of the 5-SNP risk score is equivalent to that of the 31-SNP risk score.

In addition, studies have indicated that dual exposure to VT risk factors (genetic and non-genetic) increases the susceptibility of an individual to VT (4, 29). Aging and obesity are well-known non-inheritable VT risk factors that hasten the onset of VT (29). As a result of multiple anatomical and pathophysiological changes, the elderly are prone to age-related cardiovascular morbidity and mortality (54–56). Aging plays a major role in the higher incidence of VT risk (1%) in elderly individuals (19, 54–57). The diminished efficiency of the calf muscle pump due to aging could lead to peripheral blood reflux and stasis resulting in thrombosis formation (54). Furthermore, age-related endothelial dysfunction is also a contributing factor to the higher incidence of VT in elderly individuals compared with that in younger individuals (19). Valve thickness, muscle fiber atrophy, and reduced endothelial anticoagulant properties are some pathophysiological changes that increase the VT risk among elderly individuals (54, 55). Correspondingly, obese individuals are at higher VT risk than normal-weight individuals. Previously conducted studies showed that the VT risk was two- to sixfold higher in obese individuals than that in normal-weight individuals [body mass index (BMI) = 20–24.9 kg/m2] (58–62). A study indicated that the VT risk was higher among aged (>50 years old) and obese individuals [61).

Stratifying higher-risk individuals based on their genetic profiling for thromboprophylaxis is important for efficient utilization of the available resources (29). Furthermore, the possibility of reducing unexpected consequences of massive supplementation of prophylactic treatment would be high (63). Although the 5-SNP impact on VT risk is huge, association and risk prediction models are rarely established by using merely five strongly associated SNPs. No study has yet been conducted to explore the VT risk predictability of the combined five strongly associated prothrombotic SNPs in the VT subjects from the Hungarian population. Consequently, this study aims to explore the VT risk predictability of the combined five SNPs [rs6025 (F5 Leiden), rs2066865 (FGG), rs2036914 (F11), rs8176719 (ABO), and rs1799963 (F2)] in the Hungarian population.



Methods and materials


Study population

A total of 698 subjects were involved in the case‒control study, of which 298 were VT patients and 400 were healthy controls. The VT patients were recruited consecutively by the Division of Clinical Laboratory Science, Department of Laboratory Medicine, Faculty of Medicine, University of Debrecen during a 1-year period. VT diagnosis was established by standard diagnostic modalities, such as color Doppler ultrasound and phlebography at the Department of Internal Medicine. The controls were selected from the general population via a comprehensive health survey (see survey details and the created database elsewhere) and were free from VT according to a self-report questionnaire conducted 12 months prior to the survey (64).



DNA isolation

DNA was extracted from the peripheral blood using a MagNA Pure LC system (Roche Diagnostics, Basel, Switzerland) with a MagNA Pure LC DNA Isolation Kit–Large Volume according to the manufacturer's instructions. The extracted DNA was eluted in a 200 μl MagNA Pure LC DNA Isolation Kit–Large Volume elution buffer.



SNP selection and genotyping

Based on the genome-wide association study (GWAS) results (30, 65, 66) and our previously conducted studies (4, 67), we identified and considered the five strongly associated prothrombotic SNPs, namely, rs6025 (F5), rs2066865 (FGG), rs2036914 (F11), rs8176719 (ABO), and rs1799963 (F2), in our current study. We considered them due to their confirmed large effect size and potential predictability of inheritable VT risk (29, 67). The assay design and genotyping were performed by the Karolinska University Hospital, Stockholm, Sweden, Mutation Analysis Core Facility (MAF). A MassARRAY platform (Sequenom, CA, USA) with iPLEX Gold chemistry was used for genotyping. Quality control, validation, and concordance analysis were conducted by the MAF.



Genetic risk score

The weighted GRS (wGRS) and unweighted GRS (unGRS) were computed to identify the combined effect of the included SNPs on VT risk. In the GRS, the individuals were assigned based on the total number of risk-increasing alleles. Consequently, “0,” “1,” and “2” codes were given for the absence, heterozygosity, and homozygosity of risk alleles, respectively. When the risk allele was found to be protective, the coding for the homozygous risk allele became “0” and “2” for the other homozygous allele (67). Accordingly, the unGRS was simply calculated by adding all risk alleles in a given locus with the assumption that all alleles had the same effect. To comprehend the stronger relationship of some SNPs with VT, we also calculated the wGRS by assigning weights to the risk allele of each SNP corresponding to the logarithm of the average risk estimates reported in the previously conducted genetic association study (29).

Moreover, to determine which SNP is more influential in its discriminatory accuracy of the area under the receiver operating characteristic curve (AUC), we added each SNP one by one into a model. Therefore, we started with the SNP with the highest odds ratio (OR), i.e., the Leiden mutation (rs6025) in the F5 gene, and assessed whether adding more SNPs in a model could improve the AUC. We continued adding all other SNPs into a model until we verified that adding more SNPs into a model could not reveal any significant discriminatory accuracy.



Non-genetic VT risk factors

We considered age (≥60 years), sex, and obesity (BMI ≥ 30 kg/m2) as non-genetic VT risk factors. We included each non-genetic risk factor and their combination with genetic VT risk factors into a model to verify the difference in the AUC and their VT risk predictability in the study population. A logistic regression model was used to generate a combined risk score of genetic and non-genetic VT risk factors.



Statistical analysis

Statistical tests were computed using the PLINK (version 1.9) and IBM SPSS (version 26.0) statistical software. The Mann‒Whitney U-test was used to compare the age, BMI, and GRS distribution in the study population. The Shapiro–Wilk normality test was used to test the distribution of quantitative variables. The Hardy–Weinberg equilibrium (HWE) and risk allele frequency differences between the VT group and control group were estimated using the X2 test. The association between the five SNPs and VT risk was assessed by the OR with their respective 95% confidence interval (CI) under all genetic models, namely, the multiplicative, additive, dominant, recessive, and genotypic models. Likewise, a logistic regression analysis was also used to compute the OR with 95% of individual SNPs and genetic, non-genetic, and combined VT risk factors.

In addition, the area under the receiver operating characteristic (ROC) curve was determined to assess how well its score classifies the VT group and control group. In general, the AUC ranged from 0.5 (no discrimination between the VT group and control group) to 1.0 (perfect discrimination). We compared the AUCs of the genetic, non-genetic, and combined risk models. The SPSS IBM version 26.0 was used to calculate the ROC curves and AUCs. The Bonferroni multiple testing correction was employed to prevent multiple comparison problems (0.05/5, p < 0.01). Statistically significant variables were declared at a conventional p-value of 0.05.



Ethical approval

The Hungarian Scientific Council on Health Research committee approved the protocol (61327-2017/EKU). All participants provided written consent before their participation.




Results


Characteristics of the study participants

In total, 698 subjects were enrolled in the case–control study, of which 298 were VT patients and 400 were healthy controls. All subjects with complete genotypic and covariate data were considered for the analyses. The proportion of male participants (51%) in the VT group was higher than that in the control group (44%). The age distribution of the VT group was shifted toward the elderly group, and their mean age was significantly higher than that of the control group (63.4 ± 16.4 vs. 43.8 ± 12.6 years, p < 0.001) (Supplementary Figure S1). However, the distribution of BMI values (kg/m2) did not differ significantly (28.2 ± 8.2 vs. 27.2 ± 5.5, p = 0.76). The marker check and detailed information of each SNP, including rs (SNP identifier), base pair position (BP), chromosome number (CHR), and major and minor alleles, are listed in Table 1.


TABLE 1 Marker check of the selected SNPs in the study.
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Risk allele frequency comparison in the study population

The genotypic results were available for 698 subjects: VT patients (n = 298) and healthy controls (n = 400). All SNPs were tested to determine whether the observed allele frequencies were in accordance with the HWE; no significant deviation from the HWE was detected in the study population (Table 1). The risk allele frequencies of the five prothrombotic SNPs analyzed in the study are listed in Table 2. The risk allele frequencies of rs6025 (F5), rs2036914 (F11), and rs8176719 (ABO) were higher in the VT group than those in the control group, and the differences remained statistically significant after multiple testing correction was performed (p < 0.01) (Table 2).


TABLE 2 Risk allele frequency comparison of the VT group and control group in the Hungarian population.
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In addition, we also computed the protective allele frequency of the ABO gene (DEL); its frequency was higher in the control group than that in the VT group (Supplementary Table S1).



Association between SNPs and VT risk in the study population using genetic association models

The association strengths regarding VT risk using complete genetic association models (multiplicative, additive, dominant, recessive, and genotypic models) were estimated. Only the Leiden mutation (rs6025) and F11 (rs2036914) remained significant after adjustment for multiple testing correction (p < 0.01). In particular, the Leiden mutation variant strongly influenced the VT risk in the Hungarian population (p < 0.001): among the patients with VT due to the Leiden mutation, the OR of VT risk ranged from 3.25 (heterozygous genotypic for risk variant; OR = 3.25, 95% CI: 2.22–4.76) to 19.67 (OR = 19.6, 95% CI: 2.57–150.4) in the recessive model/ those who were homozygous for risk variant.

The rs8176719 (ABO) remained statistically significant only in the multiplicative (OR = 1.33, 95% CI: 1.07–1.64) and genotypic models (OR = 1.77, 95% CI: 1.14–2.73); nevertheless, it lost its significance in other models after adjustment for multiple testing correction. Similarly, the rs8176719 (ABO) protective variant remained statistically significant only in the multiplicative model (OR = 0.75, 95% CI: 0.61–0.93) (Supplementary Table S2). In addition, the FGG (rs2066865) expressed a significant association with VT risk in the multiplicative, additive, and dominant models before multiple testing correction; however, it lost its significance after adjustment was performed. Conversely, the F2 (rs1799963) did not show any statistically significant association with VT directly with any of the used models (Table 3).


TABLE 3 Genetic association test results in the VT group and control group of the study population: implication to determine the inheritable VT disease risk factors in the Hungarian population.
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Comparison of genetic risk scores in the study population

The unGRS and wGRS of the five SNPs were computed for the 298 VT patients and 400 healthy controls. The unGRS ranged from 0 to 6 (3.46 ± 1.31) and 0 to 7 (2.77 ± 1.28) for the VT and control groups, respectively (Figure 1A). The wGRS ranged from 0 to 4.6 (1.93 ± 0.97) and 0 to 4.7 (1.37 ± 0.78) for the VT and control groups (Figure 1B).


[image: Figure 1]
FIGURE 1
Unweighted (A) and weighted (B) GRS distribution comparison among the VT group and the control group of the Hungarian population.




Association of GRS with VT risk

The distributions of other covariate variables including the wGRS and unGRS were significantly distinct (p < 0.001) between the two groups (Supplementary Table S3). The test revealed significant differences (case vs. control) in age (median = 65; 44, p < 0.001), BMI (median = 28.72; 26.75, p < 0.001), unGRS (median = 3; 3, p < 0.001), and wGRS (median = 1.79; 1.34, p < 0.001). Although the median unGRS values for the VT group and control group were similar, a larger unGRS value was more frequent in the VT group than in the control group.

Table 4 lists the multivariate logistic regression analysis results of covariate variables adjusted for sex and age. Of the well-known non-genetic VT risk factors, age and obesity were significantly associated with VT risk in the study population, which was higher in the VT group than that in the control group (Table 4). The VT risk was 12.8 times higher in the elderly subjects aged ≥60 years than that among the subjects aged below 60 years (AOR = 12.83, 95% CI: 8.38–19.63). Similarly, the VT risk was 2.3 times higher in the obese subjects (BMI > 30 kg/m2) than that in the normal-weight subjects (AOR = 2.28, 95% CI: 1.51–3.42). Furthermore, the wGRS remained statistically significant after we adjusted for both sex and age (AOR = 2.69, 95% CI: 1.74–4.19 and AOR = 2.24, 95% CI: 1.51–3.32, respectively). However, the unGRS lost its statistical significance (AOR = 0.88, 95% CI: 0.65–1.18) in the multivariate regression analysis model (Table 4).


TABLE 4 Association of covariate variables with VT risk in the Hungarian population.
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VT risk prediction in the study population

We calculated the ROC curve to assess how well the score classified VT in the case and control groups. The AUC of the SNPs ranged from 0.51 (95% CI: 0.47–0.55, p = 0.64) for rs1799963 in F2 to 0.62 (95% CI: 0.57; 0.66, p < 0.001) for rs6025 in F5. The discriminative accuracy of the model improved by adding each SNP (Figure 2). We started with the Leiden mutation (rs6025) with the highest effect size and ended with rs2036914 (F11) with the lowest effect size among the five SNPs. The addition of each SNP increased the AUC after F2 (rs1799963).


[image: Figure 2]
FIGURE 2
The change in the discriminatory accuracy of the AUC of the genetic risk score after adding each SNP into a model; we started with the Leiden mutation (rs6025) with the highest effect size and ended with rs2036914 (F11) with the lowest effect size of the five SNPs. The addition of each SNP increases the AUC value after F2 (rs1799963).


The AUC of the 5-SNP risk score was 0.68 (95% CI: 0.64; 0.72). The variability proportion explained by the Leiden mutation (rs6025) was higher than that of the 5-SNP risk score (8% vs. 7%). Furthermore, approximately 39% of the variability observed was attributed to the combination of genetic and non-genetic risk factors, which is higher than that of those factors independently (Table 5). Similarly, the ROC curve for the weighted 5-SNP risk score had an AUC of 0.68 (95% CI: 0.64–0.72), i.e., there was a 68% probability that a randomly selected VT patient will have a higher score than that of a randomly selected control subject. The wGRS was a better predictor for VT than the unGRS (AUC = 0.65, 95% CI: 0.60–0.69).


TABLE 5 Venous thrombosis risk predictability of the Leiden mutation, genetic risk, non-genetic risk, and combined model in the Hungarian population.
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There was a difference between the discriminative accuracy of the 5-SNP risk score in men (AUC = 0.68, 95% CI: 0.62–0.74, p < 0.001) and women (AUC = 0.61: 95% CI: 0.55–0.67, p < 0.001). Moreover, the AUC of the wGRS of the 5-SNPs was significantly higher in men (AUC = 0.71, 95% CI: 0.65–0.76, p < 0.001) than that in women (AUC = 0.63, 95% CI: 0.57–0.69, p < 0.001).



Risk prediction based on a combination of genetic and non-genetic risk factors

We also evaluated the discriminative accuracy of well-known non-genetic VT risk factors such as age, sex, and obesity to explore their independent and combined VT risk predictability in the study population. The independent AUCs of age and obesity were 0.84, p < 0.0001, and 0.59, p < 0.001, respectively. The combination of all well-known VT risk factors changed the discriminative accuracy of the AUC to 0.85, p < 0.000. Similarly, when we added the non-genetic risk factors into the genetic risk factors, the AUC significantly projected to 0.89 (95% CI: 0.86–0.91) compared to that in the genetic (AUC = 0.68) or non-genetic risk factor predictability (AUC = 0.85; p < 0.0001) (Figure 3). The AUC difference in the combined and non-genetic risk factors was statistically significant (AUC = 0.039, 95% CI: 0.02–0.059, p < 0.0001). There was no significant AUC difference between men and women in the non-genetic (men: AUC = 0.81, 95% CI: 0.76–0.86 vs. women: AUC = 0.82, 95% CI: 0.78–0.87) and combined risk score (men: AUC = 0.87, 95% CI: 0.83–0.91 vs. women: AUC = 0.86, 95% CI: 0.82–0.90) models.
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FIGURE 3
ROC curves for combined (genetic and non-genetic), genetic (five prothrombotic SNPs), and non-genetic (age, sex, BMI) risk models.





Discussion

Although there are abundant SNPs that provoke VT events in genetically vulnerable individuals, the contributions of the five strongly associated SNPs, namely, rs6025 (F5), rs2066865 (FGG), rs2036914 (F11), rs8176719 (ABO), and rs1799963 (F2), to VT risk is immensely high (29, 32, 33). Moreover, previously conducted studies demonstrated the importance of these five prothrombotic SNPs in the relapse of inheritable VT (29, 32, 33). Consequently, we aimed to explore the combined genetic risk predictability of strongly associated VT SNPs and well-known non-genetic VT risk factors in the Hungarian population. Thus, stratifying high-risk individuals based on their genetic profiling might help for the efficient utilization of scarcely available thromboprophylaxis, which might reduce the premature death attributed to VT and CVDs.

In our present study, we considered five VT-associated SNPs to explore the genetic background of VT risk in the Hungarian population. Only the three SNPs, namely, rs6025 (F5), rs2036914 (F11), and rs8176719 (ABO), remained statistically significant after adjustment for multiple testing correction (p < 0.01). The highest VT risk was detected among the Leiden mutation carriers/rs6025 (OR = 3.52, 95% CI: 2.50–4.95). Its allele frequency was approximately threefold higher in the VT group (20%) than that in the control group (6.8%). Our findings were consistent with the finding of the previously conducted studies showing that the odds of VT risk are 3.5 (28) and 4.38 times higher for rs6025 (F5) variant carriers than those of non-carriers (68).

Moreover, numerous studies suggest that the Leiden mutation is vastly prevalent in Caucasians, particularly those of European descent. It is one of the most influential inheritable VT risk factors that increase the burden of VT in genetically vulnerable individuals (34–36). These findings support our study’s result that F5 is highly prevalent in the case group (20%). Furthermore, it was strongly associated with the trait in all genetic association models. This highlights the fact that the Leiden mutation is an independent predictor of VT risk (28, 35, 69) and its contribution to the burden of VT is remarkable (69), particularly for genetically susceptible individuals and Caucasians (34). Likewise, the risk allele frequency and VT risk for rs2036914 (F11) and rs8176719 (ABO) were higher in the case group even after adjustment for multiple testing correction. A previously conducted study revealed that F11 (rs2036914) is an independent predictor of VT (70), which is supported by our result that the risk was 1.38 times higher in the case group than that in the control group. Studies showed that VT risk distribution due to F11 (rs2036914) is similar in Caucasians and African Americans (44, 45).

The allele frequency of the ABO SNP (rs8176719) was more prevalent in the control group (47.4% vs. 40.4%). In addition, it was revealed that the VT risk was lower (OR =  0.75, 95% CI: 0.61–0.93) among the subjects with the rs8176719 variant. Furthermore, the VT risk was 1.33 times higher in the risk variant carriers. Studies indicated that the O blood-type individuals are at a lower VT risk compared with the non-O blood-type individuals (46, 47). On the other hand, several studies showed that non-O blood-type individuals (A, AB, and B) were at a higher VT risk compared with non-O blood-type individuals (48–51). Our findings were also consistent with those of the previously conducted studies. Fang et al. reported that the VTE risk is higher in African Americans and non-O blood-type individuals than that in Caucasians and O blood-type individuals (52).

Although the risk allele frequencies and VT risk were not distinct in the case of prothrombin mutation (rs1799963), it was the second most prevalent risk variant in the Hungarian population. The reason for the lack of statistical significance despite the large OR might be attributed to the limited number of our VT patients. Our findings were also in line with those of the previously conducted studies showing that rs1799963 is more prevalent in European descent populations than in others (Americans, African Americans, Asians, and Africans) (23). Several studies showed that approximately two- to fourfold VT risk was attributed to a hypercoagulability state that resulted from a mutation in the prothrombin gene/rs1799963 (35, 71, 72).

Studies indicated that pooled variants have more impact on VT risk determination than a single variant (29, 53); consequently, we computed the wGRS and unGRS to determine the VT risk in the study population. Our findings showed that the wGRS is an independent predictor of VT risk in the study population, and its value was 2.37 times higher in the VT group than in the control group. Previously conducted studies also supported our findings (29, 53).

The impact of non-genetic risk factors on VT risk is also appreciable. Our study showed that VT was more prevalent in elderly (≥ 60 years) subjects (58.1% vs. 10.5%; p < 0.0001). Likewise, the odds of VT risk for elderly subjects were 12-fold higher than that of those aged <60 years. The VT risk increases with age due to different factors, such as anatomical (54), pathophysiological (54–57), and hormonal derangement (73). Consequently, it hastens and increases the vulnerability of elderly subjects to VT risk and other CVDs (19, 55–57). Furthermore, our findings showed that the VT risk is 2.28 times higher in the obese subjects than that in the normal-weight subjects. This finding is in line with those of the previously conducted studies that showed that obesity is an independent predictor of VT risk (58–62).

The ability to predict the risk of a certain event before its occurrence is important in clinical epidemiology. Precise risk prediction helps control an event at as early a stage as possible (74–77) and offers to use the available resources effectively and efficiently (74–77). We used the ROC curves to establish individual and combined VT risk predictability of the SNPs and non-inheritable VT risk factors to develop a risk stratification tool.

In our study, the highest AUC was obtained for the Leiden mutation (AUC = 0.62), whereas the lowest AUC was obtained for the prothrombin mutation/F2 (0.52). The addition of each SNP into the model after F5 increased the AUC in general. Our finding is in line with that of the studies showing that adding more SNPs into the model increases the AUC to a certain extent, but after a certain level, the AUC does not change, despite adding more explanatory variables into the model (29, 78).

We also found that the wGRS is a better predictor of VT risk than individual SNPs (0.68 vs. 0.62) and their combination with non-genetic risk factors yields a larger AUC with higher discriminatory accuracy (AUC = 0.89). This finding is consistent with that of the previous studies showing that the combination of clinical and genetic risk factors increases the VT risk eight times more than either the genetic or the clinical model alone (79, 80).


Strengths and limitations of our study

Our study tried to verify the VT risk predictability in the Hungarian population only by using strongly associated VT SNPs [rs6025 (F5), rs1799963 (F2), rs8176719 (ABO), rs2036914 (F11), and rs2066865 (FGG)] mainly relating to the recurrence and higher incidence of VT risk and well-known non-genetic VT risk factors (age, obesity, and sex), which helped distinguish the higher-risk individuals for the prevention and control of VT in the study population. Furthermore, our study indicated the possibility of efficiently and effectively utilizing the available resource for risk prediction in the given population. However, our study lacked the comparison of formerly identified strongly associated VT SNPs with the novel loci, which are strongly associated with VT risk as well (66, 81–83). As a result, we urged further study that considers the novel and strongly associated VT SNPs and the formerly identified SNPs and their comparison on the VT risk predictability in the Hungarian population.

Altogether, the Leiden mutation, F11, and ABO risk alleles are highly prevalent and strongly determine the VT risk in the Hungarian population. The pooled genetic risk variants are more influential than a single variant alone. The combined model is the best predictor of VT risk, so stratifying high-risk individuals based on their genetic profiling and well-known non-modifiable VT risk factors is important for the effective and efficient utilization of VT risk preventive and control measures. Furthermore, our study lacks the comparison of formerly identified VT SNPs with the novel SNPs, which are strongly associated with VT risk. This might provide new insight into the VT risk and its determinants in the Hungarian population. As a result, we urged further study that considers the novel and strongly associated VT SNPs and the formerly identified SNPs and their comparison on the VT risk predictability in the Hungarian population.
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