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Extracellular vesicles (EV) are nanosized particles released by a large variety of cells. They carry molecules such as proteins, RNA and lipids. While urinary EVs have been longer studied as a source of biomarkers for renal and non-renal disorders, research on EVs as regulatory players of renal physiological and pathological processes has experienced an outbreak recently in the past decade. In general, the microenvironment and (patho)physiological state of the donor cells affect the cargo of the EVs released, which then determines the effect of these EVs once they reach a target cell. For instance, EVs released by renal epithelial cells modulate the expression and function of water and solute transporting proteins in other cells. Also, EVs have been demonstrated to regulate renal organogenesis and blood flow. Furthermore, a dual role of EVs promoting, but also counteracting, disease has also been reported. EVs released by renal tubular cells can reach fibroblasts, monocytes, macrophages, T cells and natural killer cells, thus influencing the pathogenesis and progression of renal disorders like acute kidney injury and fibrosis, nephrolithiasis, renal transplant rejection and renal cancer, among others. On the contrary, EVs may also exert a cytoprotective role upon renal damage and promote recovery of renal function. In the current review, a systematic summary of the key studies from the past 5 years addressing the role of EVs in the modulation of renal physiological and pathophysiological processes is provided, highlighting open questions and discussing the potential of future research.
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INTRODUCTION

Extracellular vesicles (EVs) are a group of membrane-enclosed nanosized particles released from a large variety of cell types (Théry et al., 2019). EVs are classified according to their origin as exosomes for those of endosomal origin and microvesicles for plasma membrane-derived vesicles. All vesicles incorporate molecules from their cell of origin, including proteins (Pisitkun et al., 2004), nucleic acids (Miranda et al., 2010) and lipids (Del Boccio et al., 2012). In the kidney, research has focused mainly on urinary EVs (uEVs), released by the tubular and urinary tract cells, and their potential as biomarkers of kidney-related diseases (Street et al., 2017). However, in the last 5 years more interest has been placed in the role of EVs as essential regulators in renal physiology and pathophysiology (Wang et al., 2017). In this review, the latest discoveries on the regulatory role of EVs in health and disease are discussed.

For the sake of clarity, and in agreement with the International Society for EVs (Théry et al., 2019), the term EV for the different populations of vesicles will be used, since isolation methods and markers do not allow to fully distinguish exosomes from other vesicles.



EVS IN THE REGULATION OF PHYSIOLOGICAL PROCESSES IN THE KIDNEY


EV-Mediated Intrarenal Communication

EVs released by different segments of the nephron carry RNAs and proteins capable of communicating signals in an upstream to downstream fashion within the nephron Alvarez et al., (2012). For instance, (Gildea et al., 2014) described the uptake of proximal tubule EVs by distal convoluted tubule and collecting duct cells as well as by the same proximal cells. Furthermore, it was reported that decrease in reactive oxygen species (ROS) production in proximal tubule cells by dopaminergic stimulation was transferred to distal tubule- and collecting duct cells by EVs secreted by the proximal cells. Conversely, the increase in ROS in proximal tubule cells exposed to angiotensin II was not transferred via EVs to cells downstream (Gildea et al., 2014). This observation indicates certain specificity of EV-mediated communication toward particular treatments and phenotypes. From the cellular point of view, the cargo of the EVs might be specifically influenced by particular stimuli applied to the donor cell and therefore determine EV activity upon reaching the target cell.

A more recent study demonstrated that treatment of cortical collecting duct cells with desmopressin (i.e., synthetic vasopressin analog) stimulated uptake of EVs released by proximal tubule and collecting duct cells (Oosthuyzen et al., 2016). An overview on renal physiological processes mediated by EVs and the bioactive components within the EV cargo is graphically depicted in Figure 1.
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FIGURE 1. Role of EVs in renal physiology. Depicted are renal physiological processes mediated by EVs: down-regulation of ENaC activity in collecting duct cells by proximal tubule EVs; EV-mediated transfer of the decrease in intracellular ROS by fenoldopam in the proximal tubule to the collecting duct, and the stimulation of EV uptake as well as the release of EVs with higher levels of AQP2 by collecting duct cells exposed to desmopressin. AQP2-enriched EVs increased water permeability of other (target) collecting duct cells.




Regulation of Tubular Transport Processes

Within the cargo of renal EVs, different ion-, organic compound- and water transporters, their codifying RNAs, as well as microRNAs (miRNAs) targeting their expression can be found. In this regard, EVs from cortical collecting duct cells carry higher protein levels of aquaporin 2 (AQP2) after exposure of the donor cells to desmopressin (Street et al., 2011). Moreover, these EVs had the ability to transfer functional AQP2 to other collecting duct cells. Since AQP2 plays a key role in water reabsorption in this segment and, thus, in the concentration of urine (van Lieburg et al., 1995), increased water permeability due to exposure to EVs could be expected. These observations suggest a potential role of EVs in the mediation of physiological responses after changes in the hydration status (Street et al., 2011).

Additionally, a comprehensive study using next-generation sequencing evaluated the diversity of miRNAs present in uEVs and their impact on the expression of renal transporters and channels (Gracia et al., 2017). Based on the 10 most abundant miRNAs found (miR-10b-5p, miR-10a-5p, miR-30a-5p, miR-26a-5p, miR-22-3p, miR-204-5p, miR-181a-5p, miR-27b-3p, miR-30d-5p, miR-192-5p), the renal outer medullary potassium channel (ROMK, Kir1.1), the plasma membrane calcium-transporting ATPase (PMCA1) and the amino acid transporter SNAT2 (SLC38A2) appeared as candidates to be regulated by these EVs. In fact, addition of the vesicles to the human proximal cells HKC-8 resulted in a decrease in the mRNA and protein levels of SNAT2. The decrease in SLC38A2 mRNA levels suggests lower mRNA stability due to the presence of targeting miRNAs in the vesicles. Similarly, PMCA1 and ROMK protein expression were down-regulated by uEVs in human collecting duct (HCD) cells (Gracia et al., 2017). This report indicates a potential regulatory role of EVs also in calcium and potassium reabsorption. Additionally, the transport of amino acids may be regulated by EVs.

The epithelial sodium channel (ENaC) is expressed in the distal part of the nephron and plays a significant role in sodium homeostasis. Jella et al., (2016) described an acute inhibition of ENaC activity in collecting duct cells after exposure to EVs released from proximal cells. The effect was observed majorly for apical vesicles, thus indicating a potential proximal to distal communication mechanism along the nephron via pro-urine flow. The authors attributed the inhibitory action to EV-carried glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), as immunoprecipitation studies demonstrated the physical interaction between GAPDH and ENaC.



Regulation of Renal Blood Flow

A recent study showed in a mouse model that application of acupuncture with low frequency electrical stimulation (Acu/LFES) to the hindlimb muscles increases renal blood flow, compared to mice treated with acupuncture without electrical stimulation (Su et al., 2018). Administration of the inhibitor of exosome release GW4869 (Menck et al., 2017) prevented the increase in the blood flow by Acu/LFES. Further mechanistic information was obtained using miRNA deep sequencing analysis, which displayed increased levels of miR-181d in serum EVs from Acu/LFES mice. Subsequently, binding of miR-181d to the 3’UTR of angiotensinogen mRNA and lower angiotensinogen levels were observed for Acu/LFES, probably accounting for the hemodynamic effects described above (Su et al., 2018). These findings point EVs as an additional factor regulating renal blood flow. Moreover, the described study provides a proof-of-concept for EV-mediated communication at a systemic level with the kidney as a target.



Organogenesis

Nephrogenesis requires a complex exchange from inductive signals between the ureteric bud (UB) and the metanephric mesenchyme (MM) in which the activation of the Wnt pathway in the latter plays a vital role (Wang et al., 2018). Hereby, a stimulatory effect of UB-derived EVs on the formation of pre-tubular aggregates in MM organoids has been described. Mechanistically, MM cells take up UB-derived EVs carrying miR-27a/b, miR-135a/b, miR-155, and miR-499. These miRNAs target the complex of APC (adenomatous polyposis coli), axin, GSK3β (glycogen synthase kinase 3), and CK1α (casein kinase 1α) and, thus, stimulate the nuclear accumulation of β-catenin (Krause et al., 2018).



EVS IN THE REGULATION OF RENAL PATHOPHYSIOLOGICAL PROCESSES


Kidney Injury and Regeneration

Acute kidney injury (AKI) is characterized by the coexistence of damage and counteracting regenerative processes. So far, there is abundant evidence supporting the participation of EVs, both stimulating the progression of the injury as well as playing a cytoprotective role and promoting tissue regeneration. In this regard, the different cargo content of the vesicles could be the key to explain these opposing effects. The latest findings on the participation of EVs in renal injury are discussed here. The reviewed data are depicted in Figure 2.
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FIGURE 2. Role of EVs in renal pathophysiology. Depicted are renal pathophysiological processes mediated by EVs and, if known, the component of the EV cargo responsible for the effect. Abbreviations: CCL2, chemokine ligand 2; CCR2, chemokine receptor type 2; Drd4, dopamine receptor D4; FGF2, fibroblast growth factor 2; HGF, hepatocyte growth factor; IGF-1, insulin-like growth factor 1; IGF-1R, insulin-like growth factor 1-receptor; iNOS, inducible nitric oxide synthase; lncARSR, long non-coding ARN activated in in renal cell carcinoma with sunitinib resistance; MC, mesangial cells; MMP, matrix metalloproteinase; MSC, mesenchymal stem cells; NK, natural killer cells; TGF-β1, transforming growth factor β1; TβR1, TGFβ-receptor 1; T-reg, T-regulatory cells; VEGF, vascular endothelial growth factor.



Role of EVs Promoting Renal Injury

Tubulointerstitial inflammation is a complication of AKI. Mice models of ischemia-reperfusion injury and unilateral ureteral obstruction exhibited a higher content of miR-23a in EVs released by tubular cells compared to sham-operated animals. In particular, miR-23a downregulated the protein A20, a negative regulator of NFκB signaling, finally leading to macrophage activation (Li et al., 2019). In addition, an increase in chemokine ligand 2 (CCL2) mRNA content was observed in EVs from kidneys of mice exposed to lipopolysaccharide and in uEVs of rats with 5/6 nephrectomy, experimental models of AKI and chronic kidney disease (CKD), respectively (Lv et al., 2018). Hereby, filtered albumin is likely to be a factor directing changes in the EV cargo, as exposure of tubular epithelial cells (TECs) to albumin in vitro reproduced the increase in CCL2 mRNA content observed in the vesicles in vivo. Furthermore, macrophage migration was more stimulated by EVs from albumin-treated TECs than by control EVs.

Fibroblast proliferation and activation are associated with renal fibrosis. A study with a mice model of AKI (unilateral ureteral obstruction) described higher levels of TGF-β1 (transforming growth factor β1) mRNA in renal EVs respect to control animals. Addition of these EVs to fibroblasts led to higher proliferation and up-regulation of α-smooth muscle actin (α-SMA) (Borges et al., 2013). In addition, EVs from mouse and human TECs exposed to hypoxic conditions also exhibited a higher potential to induce fibroblast proliferation and activation. These effects were prevented by transfection of donor cells with a siRNA against TGF-β1 (Borges et al., 2013).

EVs may also inhibit renal regeneration. The epidermal growth factor (EGF), which signals through the epidermal growth factor receptor (EGFR) is an essential molecule for epithelial regeneration. A study using a mouse proximal tubule cell line described stimulation of EV release by scratch wounding. Treatment with agonists and inhibitors of the EGF signaling pathway supported an inverse association between EV release and EGFR-mediated wound healing. In line with this, inhibition of exosome release with GW4869 and manumycin A increased EGFR activation and wound healing. These findings provided novel evidence that EVs may not only instigate the injury process but may also inhibit physiological regeneration mechanisms (Zhou et al., 2017).



Cytoprotective Effect of EVs

TGF-β1 signaling is necessary for extracellular matrix secretion by mesangial cells, and thus, for glomerulosclerosis and diabetic nephropathy progression. In this regard, clearance of the TβR1 receptor (i.e., TGF-β1 receptor) by loading into EVs has been demonstrated as a mechanism mediating down-regulation of TGF-β1 signaling in mesangial cells (Van Krieken et al., 2017).

EVs released by mesenchymal stem cells (MSCs) can contribute to tissue regeneration. For instance, EVs from human bone marrow MSCs increased proliferation of proximal tubule cells exposed to the nephrotoxic agent cisplatin. Beneficial effects of the EVs were prevented by silencing IGF-1R (insulin-like growth factor 1-receptor) in the donor cells (Tomasoni et al., 2013). A further study suggested a beneficial role of EVs from bone marrow MSCs by buffering extracellular levels of free chemokine ligand 2 (CCL2), thus preventing monocyte activation. The effect was attributed to the chemokine receptor type 2 (CCR2) present in the EVs (Shen et al., 2016). Likewise, improved renal function and reduced macrophage infiltration was observed in a mice model of diabetic nephropathy administered intravenously with EVs from bone marrow MSC. Beneficial effects may be explained by the down-regulation of adhesion molecules for macrophages (e.g., ICAM1) in the endothelial cells of the glomeruli and the peritubular capillaries by the EVs (Nagaishi et al., 2016).

Similarly, in a study using a model renal artery stenosis in pigs with metabolic syndrome, treatment with adipose tissue MSC EVs improved renal function. Reduced renal infiltration by pro-inflammatory macrophages and increased infiltration by pro-regenerative macrophages was observed. Effects were dependent on the presence of the anti-inflammatory cytokine interleukin-10 (IL-10) mRNA in the EVs (Eirin et al., 2017).

The endothelium of blood vessels constitutes a third source of MSC EVs. An analysis of miRNAs enriched in renal artery-derived vascular progenitor cells (RAPCs) highlighted the miR-218, which targets Robo1, a protein linked to endothelial cell migration. Interestingly, while under control conditions, RAPC release EVs enriched in miR-218, suppressing Robo1 expression and cell migration, exposure of RAPC to pro-oxidant conditions (i.e., tissue damage) results in a decrease in the content of miR-218 in the vesicles and, therefore, Robo1 up-regulation and increase of endothelial cell migration (i.e., regeneration of blood vessels) (Pang et al., 2017). In line with these observations, another related study reported the potential of EVs from human cord endothelial colony forming cells (ECFCs) to attenuate renal damage in a mouse model of ischemia-reperfusion (Viñas et al., 2016). Here, miR-486-5p was demonstrated as the critical component of the EVs improving renal function and reducing inflammation (Viñas et al., 2016).



Nephrolithiasis

Recently, some lines of evidence pointed to the role of EVs in the pathogenesis of nephrolithiasis. For instance, a study evaluating the effect of different concentrations of calcium oxalate, one of the main components of kidney stones, on proximal cells, reported an increase in the release of EVs by elevated levels of oxalate (He et al., 2017).

Interstitial deposition of calcium oxalate constitutes one of the complications of nephrolithiasis. Hereby, macrophages seem to play a dual role in removing deposited crystals but also promoting inflammation. EVs isolated from macrophages previously exposed to calcium oxalate exhibited a different cargo of proteins with respect to EVs from control macrophages (Singhto and Thongboonkerd, 2018). When TECs were exposed to EVs from calcium oxalate-treated macrophages, increased inflammation and neutrophil recruitment were observed (Singhto and Thongboonkerd, 2018). Furthermore, EVs from calcium oxalate treated cells exhibited a higher capacity to bind crystals promoting their dissemination into the extracellular matrix, ultimately contributing to interstitial deposits (Singhto and Thongboonkerd, 2018). Interestingly, most of the proinflammatory effects were abolished by knock-down of vimentin in the donor macrophages, clearly indicating a role of this protein in the observed effects (Singhto et al., 2018).



Renal Transplant Rejection and Tolerance

Organ rejection represents a common complication of transplanted patients. Participation of EVs stimulating allograft tolerance has been proposed. Specifically, EVs released by T regulatory (T-reg) cells have been reported to inhibit proliferation and stimulate apoptosis of naïve T cells in vitro. Inducible nitric oxide synthase (iNOS) mRNA and protein, which were enriched in the EVs, as well as miR-330 and miR-503 were necessary mediators of these effects. Noteworthy, a similar effect was also observed in a rat model of kidney transplantation, where intravenous and intrasplenic administration of EVs from T-regs improved renal function and prolonged allograft survival (Aiello et al., 2017).

Conversely, a role of EVs promoting host immune response and rejection has also been described. Patients diagnosed with transplant glomerulopathy after receiving a kidney transplant had circulating EVs with increased expression of fibronectin and collagen-IV (Sharma et al., 2018) and higher concentrations of antibodies against collagen IV and fibronectin (Angaswamy et al., 2014) compared with patients receiving a kidney transplant without this diagnosis. In this regard, a previous study with a rat model of renal transplantation showed that the immune response to collagen IV plays a role in allograft rejection (Joosten et al., 2002). Other studies pointed out a role of EVs released by endothelial cells in promoting inflammation and stimulating the immune response of the host (Cardinal et al., 2018). These findings not only suggest a potential role of circulating EVs in the prediction of transplant rejection but also raise possible therapeutic targets in order to counteract the rejection process.



Renal Cancer

EVs can mediate intercellular communication also between tumor cells. In this regard, a pro-angiogenic and pro-metastatic role of EVs from CD105-positive cancer stem cells in vitro and in vivo has been described. Indeed, EVs derived from CD105-positive cells carried multiple proangiogenic mRNAs including VEGF, angiopoietin 1, fibroblast growth factor 2, ephrin A3, matrix metalloprotease 2, and matrix metallopeptidase 9. These factors were absent in EVs from CD105-negative cells. The same study also reported the presence of miRNAs with participation in tumor invasion and metastasis such as miR-29a, miR-650, and miR-151 in CD105+ derived EVs (Grange et al., 2011).

EVs released by renal cancer cells may also facilitate the evasion of the tumor cells from the immune system of the patient. In this regard, an inhibitory action of EVs released by cells from clear cell renal cell carcinoma on natural killer cells was described. The effect was attributed to TGFβ1 carried by the EVs (Xia et al., 2017).

Furthermore, EVs play a key role in drug resistance in renal cancer. In this case, a long non-coding RNA, named lncARSR (i.e., lncRNA activated in renal cell carcinoma with sunitinib resistance) was described as the bioactive component of EVs mediating chemoresistance. Once in the target (sunitinib sensitive) cell, lncARSR competes with the action of miR-34a and miR-449 preventing down-regulation of the membrane proteins AXL and c-Met which, ultimately, mediate resistance to sunitinib (Qu et al., 2016).



DISCUSSION

Besides their well-acknowledged role as a source of biomarkers, the past decade has witnessed EVs emerge as key players in cell-cell communication at autocrine, paracrine, and systemic level. Although a vast volume of information is already available for non-renal tissues, their participation in renal pathophysiology is a relatively novel field. Also, the heterogeneous nature of the nephron epithelium has reduced the study of EV-mediated processes to the utilization of in vitro models or pooled samples (e.g., uEVs) where relevant regulatory phenomena may remain undiscovered. Hereby, the use of microperfusion techniques to isolate EVs from specific segments of the nephron may constitute a promising tool (Cheng et al., 2013). Furthermore, a vast amount of the experimental evidence available results from in vitro studies and, therefore, need validation in vivo or in more complex models in order to be translated into a clinical setting. In this regard, organ-on-a-chip platforms may allow to culture, and thus scrutinize the effects of EVs, released by a donor cell on a target cell also mimicking physiological flow conditions and combining different segments from the nephron in one platform.

Tackling EV participation orchestrating pathophysiological responses, for instance, in acute kidney damage, can constitute a therapeutic alternative to mitigate inflammatory damage and fibrosis. Moreover, enrichment of EVs in particular components may allow to target physiological processes with therapeutic purposes, stimulate EV-mediated regenerative mechanisms and counteract those situations where EV contribute to disease development. For instance, several studies highlighted a clear regenerative role of EVs obtained from MSC. In this regard, EVs isolated from bone marrow MSCs could be used as preventive and regenerative therapy in cases where acute kidney damage is expected (e.g., treatments with highly nephrotoxic drugs).

Research on the role of EVs in kidney function may lead to the identification of novel biomarkers. Although, uEVs constitute a well-acknowledged source of information with diagnostic potential, several studies also described a role of plasma EVs conveying information about renal physiological and pathophysiological status (reviewed in Erdbrügger and Le, 2016). Importantly, different isolation and analysis methods, as well as the different nature of biological samples constitute a limitation toward obtaining a reliable picture of EV-mediated processes. The implementation of normalization procedures, for instance, by using EV pools from the general population (Witwer et al., 2013) or EV-mimetic particles (Lozano-Andrés et al., 2019) may provide more comparable results for different isolation techniques.

In conclusion, a significant volume of high-level studies has appeared during the past years, describing the participation of EVs regulating the normal function of the kidney as well as promoting and counteracting pathophysiological responses. While this may already bear therapeutic potential, considering the high diversity of the EV cargo, future studies will probably find EVs involved in increasing processes within the kidney and mediating communication between the kidney and other organs. This would likely result in more mechanisms that could be targeted in the aim of developing novel therapeutic strategies.
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NAD+, a co-enzyme involved in a great deal of biochemical reactions, has been found to be a network node of diverse biological processes. In mammalian cells, NAD+ is synthetized, predominantly through NMN, to replenish the consumption by NADase participating in physiologic processes including DNA repair, metabolism, and cell death. Correspondingly, aberrant NAD+ metabolism is observed in many diseases. In this review, we discuss how the homeostasis of NAD+ is maintained in healthy condition and provide several age-related pathological examples related with NAD+ unbalance. The sirtuins family, whose functions are NAD-dependent, is also reviewed. Administration of NMN surprisingly demonstrated amelioration of the pathological conditions in some age-related disease mouse models. Further clinical trials have been launched to investigate the safety and benefits of NMN. The NAD+ production and consumption pathways including NMN are essential for more precise understanding and therapy of age-related pathological processes such as diabetes, ischemia–reperfusion injury, heart failure, Alzheimer’s disease, and retinal degeneration.
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INTRODUCTION

Nicotinamide adenine dinucleotide (NAD) is a vital metabolic redox co-enzyme found in eukaryotic cells and is necessary for over 500 enzymatic reactions. It plays a crucial role in various biological processes, including metabolism, aging, cell death, DNA repair, and gene expression (Rajman et al., 2018; Okabe et al., 2019). Thus, NAD+ is critical for human health and longevity.

The co-enzyme was first discovered by Harden and Young in 1906 as a component that enhanced the rate of alcohol fermentation in yeast extracts (Harden and Young, 1906). Over subsequent years, the chemical composition of the co-enzyme was established as an adenine, a reducing sugar group and a phosphate by Hans von Euler-Chelpin (von Euler and Myrback, 1930). Then, in 1936, Warburg suggested that NAD+ could play a role in redox reactions (Warburg and Christian, 1936). By 1960, it was assumed that all biochemical investigations on NAD+ had been exhausted. In 1963, Chambon and Mandel reported that NAD+ is a co-substrate for the addition of poly-ADP-ribose to proteins, and this prompted a series of studies on poly-ADP ribose and poly-ADP-ribose polymerases (PARPs) (Chambon et al., 1963; Yoshino et al., 2018). In the last decade, new interests in NAD+ emerged because of its association with sirtuins, a family of NAD-dependent protein deacylases (SIRT1–7) (Rajman et al., 2018). Roy Frye showed that mammalian sirtuins could metabolize NAD+ and that NAD+ had a protein ADP-ribosyltransferase activity (Frye, 1999). Guarente and Imai made a phenomenal discovery that yeast SIR2 (silent information regulator 2) and the mouse ortholog SIRT1 have NAD+-dependent protein deacetylase activity (Imai et al., 2000). Previously, several studies had shown that sirtuins play a critical role in regulating multiple cellular functions, such as cell growth, energy metabolism, stress resistance, inflammation, and circadian rhythm neuronal function, among others (Imai and Yoshino, 2013; Rajman et al., 2018). The deficiency of NAD+ is closely associated with diverse pathophysiologies, including type 2 diabetes (T2D), obesity, heart failure, Alzheimer’s disease (AD), and cerebral ischemia. The NAD+ levels decline in multiple organs with age, and this contributes to the development of various age-related diseases (Yoshino et al., 2011; Gomes et al., 2013; Mouchiroud et al., 2013; Mills et al., 2016). Therefore, NAD+ supplementation could be an effective therapy for the treatment of the conditions mentioned above.

Nicotinamide mononucleotide (NMN) is one of the intermediates in NAD+ biosynthesis and is a bioactive nucleotide formed by the reaction between a phosphate group and a nucleoside containing ribose and nicotinamide (NAM) (Poddar et al., 2019). NAM is directly converted to NMN by nicotinamide phosphoribosyltransferase (NAMPT). The molecular weight of NMN is 334.221 g/mol (Poddar et al., 2019). There are two anomeric forms of NMN named alpha and beta, and the latter is the active form (Poddar et al., 2019). NMN is found in various types of natural foods, such as vegetables, fruits, and meat. Edamame and broccoli contain 0.47–1.88 and 0.25–1.12 mg NMN/100 g, respectively, whereas avocado and tomato contain 0.36–1.60 and 0.26–0.30 mg NMN/100 g, respectively. However, raw beef only contains 0.06–0.42 mg NMN/100 g (Mills et al., 2016). Recent preclinical studies have demonstrated that the administration of NMN could compensate for the deficiency of NAD+, and NMN supplementation was able to effect diverse pharmacological activities in various diseases.

In this review, NAD+ biosynthesis pathways and the possible reason for its age-related decline are described. Also, a summary of studies on the role of NAD+ deprivation in causing human diseases and how the application of NMN could have positive effects on those diseases is provided.



NAD+ BIOSYNTHESIS PATHWAYS

Three different NAD+ biosynthesis pathways have been described in mammalian cells (Figure 1): (1) Preiss–Handler, in which NAD is synthesized from nicotinic acid (NA); (2) de novo synthesis, which starts from tryptophan; and (3) salvage pathway, which is most predominant in mammalian cells.
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FIGURE 1. Biosynthetic pathways of NAD+ in mammalian cells includes de novo, Preiss–Handler, and salvage pathways, and the salvage pathway is the main source of NAD+. NAD, nicotinamide adenine dinucleotide; NA, nicotinic acid; NAPRT, nicotinic acid phosphoribosyltransferase; NAMN, nicotinic acid mononucleotide; NAAD, nicotinic acid adenine dinucleotide; NADS, NAD+ synthetase; NMNAT, nicotinamide/nicotinic acid mononucleotide adenylyltransferase; ACMS, 2-amino-3-carboxymuconate semialdehyde; QA, quinolinic acid; QPRT, quinolinate phosphoribosyltransferase; NAM, nicotinamide; NAMPT, nicotinamide phophoribosyltransferase; NMN, nicotinamide mononucleotide; NR, nicotinamide riboside; NRK, nicotinamide riboside kinase.



The Preiss–Handler Pathway

This pathway starts with conversion of NA to the nicotinic acid mononucleotide (NAMN) by the enzyme nicotinic acid phosphoribosyltransferase (NAPRT) (Preiss and Handler, 1958). Afterward, NAMN is used for nicotinic acid adenine dinucleotide (NAAD+) biosynthesis by nicotinamide/nicotinic acid mononucleotide adenylyltransferase (NMNAT1/2/3). Finally, NAD+ synthetase (NADS) transforms NAAD+ to NAD+ with ammonia and ATP action as extra ingredients (Yang and Sauve, 2016).



De novo Synthesis From Tryptophan

The eight-step de novo synthesis pathway is initiated by indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase (TDO) that convert tryptophan to N-formylkynurenine (Salter et al., 1991). Through formamidase (KFase), N-formylkynurenine is then transformed to be kynurenine, to which hydroxyl is added via kynurenine 3-hydroxylase (K3H). The product, 3-hydroxy-kynurenine, is converted to 3-hydroxyanthranilate followed by 2-amino-3-carboxymuconate semialdehyde (ACMS) via kynureninase (Kyase) and 3-hydroxyanthranilate-3,4-dioxygenase. ACMS then cyclizes to form quinolinic acid (QA) that participates in NAMN biosynthesis with quinolinate phosphoribosyltransferase (QPRT) (Yang and Sauve, 2016). The last two steps are the same as the Preiss–Handler pathway that NAD+ is synthetized sequentially from NAMN and NAAD by NMNAT 1/2/3 and NADS.



The Salvage Pathway

The salvage pathway is the primary source of NAD+ in mammalian cells. The degradation of NAD+ and subsequent generation of NAM (as a by-product) are achieved by NAD-consuming enzymes, such as sirtuins, PARPs, CD38, CD157, and sterile alpha and TIR motif-containing protein 1 (SARM1) (Okabe et al., 2019). There are only two steps in the salvage pathway. The rate of NAD+ synthesis in this pathway is mostly determined by NAMPT that converts NAM and 5-phosphoribosyl-1-pyrophosphate (PRPP) to NMN in the first step. Then, NMN, the substrate for NAMNT, is conjugated to ATP and converted to NAD in the second step.

The NAMPT exists in two forms in mammals, that is, intracellular NAMPT (iNAMPT) in the cytoplasm and nucleus and extracellular NAMPT (eNAMPT) in the plasma or extracellular space (Revollo et al., 2007). The SIRT1-dependent deacetylation of iNAMPT predisposes the protein to secretion in adipocytes (Yoon et al., 2015). Various types of cells, including mature adipocytes, pancreatic β-cells, myocytes, epithelial cells, and hepatocytes (Revollo et al., 2007; Garten et al., 2010; Zhao et al., 2014) secrete and release eNAMPT to the plasma or extracellular space.

Also, another NAD precursor, nicotinamide riboside (NR), is incorporated into cells using equilibrative nucleoside transporters (ENTs) (Nikiforov et al., 2011) and phosphorylated to NMN by nicotinamide riboside kinase (NRK1/2) intracellularly (Ratajczak et al., 2016). Conversion of extracellular NMN to NR mediated by enzyme CD73 is required for cell uptake and intracellular synthesis of NAD+ (Grozio et al., 2013; Ratajczak et al., 2016). NAD+ biosynthesis in kidney and brown adipose tissue has been shown to decrease after administration of NMN in NRK1 knockout mice (Ratajczak et al., 2016). However, a recent study identified Slc12a8 as a specific transporter of NMN, which is highly expressed in the small intestine (Grozio et al., 2019). In the study, Slc12a8 expression was upregulated in the small intestines of aged mouse in response to a decrease of NAD+. These findings suggested that the uptake pathway of NMN could be via a cell- or tissue-specific manner.

Given that the salvage pathway is the main and the most efficient route for NAD+ biosynthesis, NMN or NR supplementation is becoming the preferred option of improving NAD+ levels that is devoid of side effects. Currently, increasing numbers of clinical trials using NMN and NR have been approved and are geared toward the treatment of various diseases, which further demonstrate that NMN is a suitable and safe drug for use in humans.



EFFECT OF AGING ON NAD+ LEVELS


NAD+ Biosynthetic Pathways Decline With Age

The decline in NAD+ biosynthetic pathways in the course of aging could be a possible explanation for the reduction of NAD+ levels. NAMPT controls NAD+ levels, thereby influencing the activity of NAD-dependent enzymes, including sirtuins and PARPs.

A study demonstrated that the NAD+ levels and NAMPT protein levels declined significantly in multiple organs, including the pancreas, white adipose tissue (WAT), and skeletal muscle of old mice (Yoshino et al., 2011). However, exercise training increased NAMPT expression in the skeletal muscles (Costford et al., 2010). NAD+ levels and exercise capacity were preserved in aged transgenic mice with muscle-specific NAMPT transgene expression (Frederick et al., 2016). These results suggested that the deficiency of NAMPT result in a reduction of NAD+ levels in the aged mice, and exercise may elevate NAMPT expression, thus restoring the NAD+ levels (Figure 2).
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FIGURE 2. Hypothetic molecule mechanisms of NAD+ decreased with aging. Oxidative stress, DNA damage, and chronic inflammation are increased with aging, which results in accelerated NAD degradation via activation of CD38 and PARPs, or dysregulation of NAMPT. Finally, decreased levels of NAD+ lead to various metabolic and age-associated diseases.


Inflammation and oxidative stress caused by aging have been shown to reduce the NAMPT-mediated NAD+ biosynthesis (Yoshino et al., 2011; Figure 2). Besides, Nampt gene encoding is controlled by BMAL1/CLOCK complex, a heterodimeric complex of core circadian transcription factors, which is suppressed by inflammatory cytokines (Cavadini et al., 2007). Therefore, the development of chronic inflammation in the course of aging may contribute to the inhibition of NAMPT-mediated NAD+ biosynthesis and CLOCK/BMAL-mediated circadian machinery (Imai and Guarente, 2014).



NAD+-Consuming Enzymes Are Activated With Age


PARP1

PARPs were initially considered to be DNA damage repair agents in the 1960s (Chini et al., 2017). The accumulation of DNA damage during aging could activate PARP, among which PARP-1 acts as a major cellular NAD+-consuming enzyme (Imai and Guarente, 2014). Cockayne syndrome (CS) is an aging-related progressive neurodegeneration that occurs as a result of mutations in either Cockayne syndrome group A (CSA) or B (CSB) proteins (Gitiaux et al., 2015; Scheibye-Knudsen et al., 2014). In CS mice, PARP inhibitor or NAD+ supplementation reversed decline in SIRT1 activation and mitochondrial function caused by aberrant PARP activation (Scheibye-Knudsen et al., 2014). Consistently, another inhibitor of PARP, PJ34, or knockout boosted the levels of NAD+, SIRT1 activity, and oxidative metabolism (Bai et al., 2011).



CD38

The CD38 enzyme and its homolog CD157 were initially described as plasma membrane antigens on thymocytes and T lymphocytes. Their role in NAD+ consumption have been revealed; that is, CD157/BST-1 could hydrolyze NR (Preugschat et al., 2014) and CD38 hydrolyzes NAD+ to generate NAM, adenosine diphosphoribose (ADPR), and cyclic ADPR (cADPR). In addition, CD38 also hydrolyzes cADPR (De Flora et al., 2004) and NMN (Grozio et al., 2013).

In mammals, the level of NAD+ and mitochondrial function decreased partially through regulation of SIRT3 as the expression and activity of CD38 protein increased in various tissues during aging (Camacho-Pereira et al., 2016). Administration of CD38 inhibitors elevated intracellular NAD+ level (Escande et al., 2013; Boslett et al., 2017). Consistently, CD38 knockout mice displayed significantly higher NAD+ level in multiple organs (Young et al., 2006).



Sterile Alpha and TIR Motif-Containing 1 (SARM1) Protein

The toll/interleukin-1 receptor (TIR) domain of sterile alpha and TIR motif-containing 1 (SARM1) protein presents NADase activity (Rajman et al., 2018) that is involved in axonal degeneration after axon injury. In response to neuronal injury, the TIR domain of SARM1 cleaves NAD+ to generate ADP ribose (ADPR) and cyclic ADPR, which may contribute to axonal degeneration (Essuman et al., 2017). Paradoxically, overexpression of enzymes in NAD+ biosynthesis pathway or supplying NR could inhibit SARM1-induced axon destruction (Gerdts et al., 2015).

In summary, there are many ways of restoring NAD+ level depletion caused by aging or other diseases, including improving NAMPT expression, providing NAD+ precursors, or inhibiting NAD+, consuming enzymatic activities of PARP, CD38, and SARM1. Currently, supplementation with NMN or NR is considered a viable and highly efficient strategy of increasing NAD+ levels (Figure 3).
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FIGURE 3. Nicotinamide mononucleotide exerts pharmacological effects by increasing intracellular NAD+ levels. Extracellular NMN is cleavage by CD73, which yields NR that is incorporated into cells using equilibrative nucleoside transporters (ENTs). NMN is converted to NAD+, which produces beneficial effects on cell, including mitochondrial function, DNA repair, gene expression, anti-inflammation and cell survival.




DIABETES

The global prevalence of diabetes has increased dramatically over the past four decades. According to the WHO report, the number of people with diabetes rose from 108 million in 1980 to 422 million in 2014. T2D is characterized by insulin resistance and subsequent impairment of insulin secretion (Okabe et al., 2019). The metabolism of NAD+ plays a crucial role in insulin sensitivity and secretion and is sometimes disrupted by obesity and aging.

Revollo et al. showed that eNAMPT was necessary for NAD+ biosynthesis (Revollo et al., 2007). Declined NAD+ levels and glucose-stimulated insulin secretion (GSIS) in pancreatic β cells and impaired glucose tolerance were observed in Nampt+/– mice. Similar blood glucose and plasma insulin levels were observed in Nampt+/– and control mice after NMN (i.p. 500 mg/kg) treatment. Also, FK866, an inhibitor of NAMPT, reduced NAD+ levels, and glucose-stimulated insulin secretion in primary islets, whereas NMN treatment reversed the defects (Revollo et al., 2007). These results demonstrated that Nampt-mediated NAD+ biosynthesis is critical for β cell function, and that NMN treatment can ameliorate the deficiency in NAD biosynthesis and glucose-stimulated insulin secretion.

Obesity and diabetes are inextricably linked. MicroRNAs (miRNAs) are key regulators of metabolism, by which SIRT1 expression is regulated in healthy conditions and metabolic diseases (Lee and Kemper, 2010). In the dietary obese mice, the elevation of hepatic microRNA-34a (miR-34a) inhibited the expression of NAMPT and SIRT1, which was responsible for the decrease in NAD+ levels and SIRT1 activity (Choi et al., 2013). The reduction of SIRT1 activity resulted in transcriptional responses of decreased fatty acid β-oxidation and increased lipogenesis and inflammation (Choi et al., 2013). Mice overexpressing miR-34a were intraperitoneally injected with NMN (500 mg/kg) for 10 days consecutively, the effects caused by hepatic overexpression of miR-34 were reversed, and glucose tolerance was enhanced (Choi et al., 2013). These results suggested that NMN could be a potential agent for the treatment of obesity-associated T2D involving SIRT1 dysfunction.

Because of the high intake of dietary sugar, the risk of metabolic syndrome and T2D has been on the increase in humans (Malik et al., 2010). Fructose consumption contributes to the development of pro-inflammatory effect in rodent models, which is involved in the process of insulin resistance and the onset of T2D (Roncal-Jimenez et al., 2011). Fructose-rich diet (FRD) results in T2D-like symptoms, including hyperglycemia, dyslipidemia, and inflammation (Roncal-Jimenez et al., 2011). FRD-fed mice showed an increased expression of IL-1b and TNF-α, which are pro-inflammatory phenotypes. The GSIS and leucine-stimulated insulin secretion (LSIS) were significantly reduced in FRD-fed mice, which was associated with islet dysfunction caused by a decrease of eNAMPT in plasma, whereas the administration of NMN at the dose of 500 mg/kg eliminated the adverse effects of FRD on GSIS and LSIS in mice (Caton et al., 2011).

FRD increased the expression of Inos (induces cellular stress and cell death) and Bax (pro-apoptotic gene) genes and reduced the expression of Pdx1, Glut2, and Gk genes, which are all essential for glucose detection and beta-cell differentiation. These changes in gene expression were restored by NMN treatment. Moreover, the decrease in expression of Sirt1 and Sirt3 genes in FDR mice were reversed by NMN treatment. These results suggested that NMN could improve islet function by influencing the expression of genes related to anti-inflammatory, islet beta-cell differentiation, and SIRT1 activation.

Yoshino et al. revealed that the administration of NMN was highly effective in combating diet- and age-induced T2D (Yoshino et al., 2011). In their study, mice fed with high-fat diet (HFD) displayed significantly reduced NAMPT protein and NAD+ levels in the liver and WAT and not in skeletal muscle as was expected. The HFD-induced male and female diabetic mice after receiving intraperitoneal administration of NMN (500 mg/kg/day) for 10 and 7 consecutive days, respectively, exhibited restored NAD+ levels in the liver and WAT. Impaired glucose and insulin tolerance were significantly improved in diabetic female mice. The effect of NMN in reversing impaired glucose tolerance was milder in males compared to females, and insulin tolerance remained unchanged in male mice.

Yoshino et al. also confirmed that NMN improves hepatic insulin sensitivity by reversing the expression of genes related to oxidative stress, inflammatory response, immune response, and lipid metabolism (Yoshino et al., 2011). For example, the expression of the glutathione S-transferase alpha two gene (Gsta2), which is crucial for the maintenance of hepatic insulin by protecting lipid peroxidation products, was suppressed by HFD but activated by NMN. Other genes that are related to insulin resistance were significantly influenced by NMN in HFD-induced mice, such as interleukin 1β, lipin1, and pyruvate dehydrogenase kinase 4 (Pdk4). Also, Yoshino et al. revealed that SIRT1 was responsible for gene expression dynamics, and its suppression by HFD was restored by NMN.

Aging is one of the highest risk factors for developing T2D (Moller et al., 2003). Previous studies have shown that progressive decline in β cell function in the course of aging contributes to the pathophysiology of T2D (Basu et al., 2003). As mentioned above, NAD+ and NAMPT levels declined during aging (Yoshino et al., 2011). Administration of NMN (500 mg/kg/day) for 11 consecutive days resulted in significant improvement in glucose tolerance and utilization in aged mice. Also, hyperlipidemia induced by HFD was also reversed by this treatment. Meanwhile, NMN did not have other effects on glucose homeostasis in non-diabetic old mice (Yoshino et al., 2011). Mills et al. (2016) also demonstrated that long-term (12 months) administration of NMN ameliorated age-associated decreased insulin sensitivity. Triglyceride levels in the liver were lower after 12-month NMN administration, which indicated a decline in insulin resistance. Mice that were put on long-term NMN intervention showed a tendency of plasma fatty acids (FFA), which is consistent with improved insulin sensitivity (Mills et al., 2016).

Moynihan et al. (2005) reported that an increase in Sirt1 dosage in pancreatic β cells improved GSIS and glucose tolerance in beta cell-specific Sirt1-overexpression (BESTO) transgenic mice at 3 and 8 months of age. However, the same cohort of BESTO mice did not show these beneficial effects at 18–24 months of age (Ramsey et al., 2008). It has been reported that Sirt1 improves glucose-stimulated insulin secretion through the repression of Ucp2 and improvement of ATP levels in pancreatic β cells (Bordone et al., 2006; Ramsey et al., 2008), which was abolished in aged mice, resulting in maintenance of a high level of Sirt1 protein. Also, NMN plasma levels declined significantly in aged BESTO mice, which suggested that a decrease in Sirt1 activity and loss of the glucose-responsiveness in BESTO mice resulted from the decline in systemic NAD biosynthesis. Thus, intraperitoneal injection of NMN (500 mg/kg) into 20-month-old BESTO mice led to an enhancement in GSIS and improvement in glucose tolerance in the aged BESTO females instead of males.

Generally, these discoveries demonstrated that NMN could be a promising drug for obese-associated and age-induced T2D through the role it plays in the enhancement of NAD+ biosynthesis and Sirt1 activity.



OBESITY

Obesity is associated with insulin resistance in multiple organs. It is a systemic metabolic derangement, which is involved in the pathogenesis of many diseases such as T2D, non-alcoholic fatty liver disease (NAFLD), atherogenic dyslipidemia, and cardiovascular disease (Reaven, 1988). It has been reported that the dysfunction of adipose tissue could result in obesity-associated metabolic disorders in multiple organs because adipose tissue has effects on maintaining the functional integrity of whole-body metabolic health (Stromsdorfer et al., 2016). Significantly reduced iNAMPT has been manifested in adipocyte as a result of HFD (Yoshino et al., 2011; Chalkiadaki and Guarente, 2012), however, elevated eNAMPT was detected in obesity (Catalán et al., 2011). Compared with clear function of iNAMPT in NMN synthesis, the significance of eNAMPT is controversial. In response to cellular stress, nutritional cues, or inflammatory cytokines, adipocytes secreted eNAMPT through PI3K-AKT pathway (Haider et al., 2006), SIRT1-mediated pathway (Yoon et al., 2015), or other unknown pathway (Tanaka et al., 2007). The role of eNAMPT has been indicated to be inflammatory promotion, inflammatory suppression (Revollo et al., 2007; Li et al., 2008; Pillai et al., 2013; Zhao et al., 2013; Jing et al., 2014), enhancement of food intake (Brunetti et al., 2012), and regulation of insulin resistance as well as plasma free fatty acid concentration (Stromsdorfer et al., 2016; Nielsen et al., 2018). The function of eNAMPT remains elusive in recent research, demonstrating that low concentration of dimeric eNAMPT benefited for beta cell function through NAD+, however, a higher monomeric eNAMPT level presented hostile effect on beta cell function (Sayers et al., 2020). Obesity has also been associated with the dampened NAD+/SIRT pathway in adipose tissue (Jukarainen et al., 2016). These findings suggested that NAMPT-mediated NAD+ biosynthesis in adipose tissue could be involved in the regulation of whole-body glucose metabolism.

Adipocyte-specific Nampt knockout (ANKO) mice showed a severe multi-organ insulin resistance, including adipose tissue, liver, and skeletal muscle, independently with an increase in whole-body adiposity and weight. The plasma FFA availability and local adipose tissue inflammation were also increased in the ANKO mice (Stromsdorfer et al., 2016). The plasma concentration of two key adipokines, namely, adiponectin and adipsin, were significantly reduced in ANKO mice. It has been reported that adiponectin and adipsin regulate insulin sensitivity and glucose homeostasis (Kadowaki et al., 2006). Phosphorylation of cyclin-dependent kinase 5 (CDK5) and peroxisome proliferator-activated receptor γ (PPARγ) was increased in adipose tissue of the ANKO mice, which led to a significant decline in gene expression of obesity-linked specific targets of phosphorylated PPARγ, including adiponectin and adipsin. As was expected, NAD+ levels in adipose tissue from the ANKO mice were significantly increased after oral administration of NMN (500 mg/kg) for 4–6 weeks. The NMN treatment also improved multi-organ insulin sensitivity and normalized plasma insulin and FFA concentrations in the ANKO mice. Moreover, the phosphorylation of PPARγ (Ser273) and CDK5 in visceral adipose tissue (VAT) was reduced by the NMN treatment. Accordingly, the plasma concentrations and gene expression of adiponectin and adipsin in adipose tissue were enhanced (Stromsdorfer et al., 2016). Therefore, these results provided evidence that NMN could be a therapeutic molecule for obesity-associated systemic metabolic derangements, particularly multi-organ insulin resistance. ANKO and brown adipocyte-specific Nampt knockout (BANKO) mice both showed impaired gene programs involved in thermogenesis, mitochondrial biogenesis, and FFA metabolism in BAT (Yamaguchi et al., 2019). However, only ANKO mice have a blunted thermogenic response (lower temperature in rectal and BAT, and whole-body oxygen consumption) to acute cold exposure, fasting, and administration of β-adrenergic agonists. Altered function in WAT may contribute to this difference. Lack of NAMPT in WAT decreased adrenergic-mediated lipolysis through inactivation of the NAD+–SIRT1–caveolin-1 axis, which reduced the release of FFAs as fuel source for BAT thermogenesis. NMN administration normalized these metabolic abnormalities, including increasing BAT NAD+ levels, decreasing BAT weight and BAT whitening as well as restoring gene expression of caveolin-1 in WAT and those involved in thermogenesis, mitochondrial function, and FFA metabolism in BAT. Moreover, ANKO mice treated with NMN showed greater cold tolerance compared with ANKO mice (Yamaguchi et al., 2019).

Several studies have confirmed that physical exercises have various health benefits, especially in obesity-related cases (Vieira et al., 2009; Ross et al., 2015), which, in part, results from the upregulation of mitochondrial activity because of increased NAD levels. Mouse models showed that NAD+ levels in metabolic organs and mitochondrial biogenesis could be improved by physical exercises (Ross et al., 2015). Thus, taking physical exercises is thought to be an effective way of increasing NAD+ levels. To compare the efficiency of increasing NAD+ levels between NMN supplementation and exercise, HFD-induced obese mice were given NMN (500 mg/kg) for 17 days or treadmill running (45 min/day) was implemented for 6 days per week for 6 weeks. According to the results, NMN treatment increased NAD+ levels in muscles and the liver, but exercise increased NAD+ levels in muscles only. The liver mass and triglyceride content were significantly reduced, and citrate synthase activity was increased after NMN treatment in HFD-fed mice, which suggested that NMN could increase catabolism of fats. Exercises and NMN have a similar effect on glucose intolerance induced by obesity, however, these two interventions are tissue-specific with a different impact on mitochondrial function in muscles and the liver (Uddin et al., 2016). Uddin et al. (2017) also showed that NMN could reduce the effects of maternal obesity as compared to exercise. Maternal overnutrition is often associated with increased infant birth weight, adiposity, and high risk of long-term obesity in later life of the offspring (Castillo-Laura et al., 2015). Thus, it is important to investigate new strategies for reducing the risk in future generations. A study found that treadmill exercise (for 9 weeks) and NMN injection (for 15 days) both reduced adiposity and improved glucose tolerance and mitochondrial function. Moreover, NMN showed stronger effects on liver fat catabolism and synthesis than exercise. This study suggested that NMN treatment might be an effective option for reversing negative effects caused by maternal obesity (Uddin et al., 2017).

Long-term administration of NMN can significantly reduce age-associated body weight gain in a dose-dependent manner. A study conducted a 12-month-long administration of NMN (from 5 to 17 months) in mice. The results indicated that the 100- and 300-mg/kg dose of NMN was able to reduce the mice’s weight by 4 and 9%, respectively, compared to the control mice. No difference was observed in body length between NMN-treated and control mice. NMN-treated mice also maintained higher levels of food and water consumption compared to control mice, which suggested that NMN did not cause severe side effects, such as growth defect and loss of appetite (Mills et al., 2016). In conclusion, the administration of NMN could be an effective option for maintaining body weight and reversing metabolic dysfunctions caused by obesity.



ISCHEMIA–REPERFUSION INJURY

Ischemia is known to decrease oxygen and ATP levels in tissues, leading to cell necrosis. Reperfusion is a reoxygenation process whereby blood re-enters a previously ischemic tissue, and this often causes calcium overload and production of ROS (Sanada et al., 2011). Ischemia followed by reperfusion has been reported to trigger severe tissue damage, for which ischemic preconditioning (IPC) is a confirmed preventative strategy (Sanada et al., 2011).

It has been reported that activation of SIRT1 can protect the heart from ischemia and reperfusion (I/R)-induced injury (Hsu et al., 2010). SIRT1 upregulates cardioprotective molecules, such as MnSOD (antioxidants), Trx1 (antioxidants), and Bcl-xL (anti-apoptotic), while it decreases pro-apoptotic molecules, including Bax and cleaved caspase-3. FoxO1, a transcription factor deacetylated by Sirt1, partially mediates the SIRT1-induced upregulation of MnSOD (Hsu et al., 2010), which protects the heart from oxidative stress. Moreover, maintaining NAMPT expression is critical for prevention of myocardial injury caused by I/R (Hsu et al., 2009). The deacetylase activity of SIRT1 is dependent on NAD+. Thus, enhancing NAD+ may promote SIRT1-mediated IPC.

NMN has been shown to confer protection on the heart in ischemic and reperfusion conditions (Yamamoto et al., 2014). Yamamoto et al. found that IPC upregulates NAMPT and the protective effect of IPC on heart during I/R injury is attenuated in Nampt+/– mice, suggesting that NAMPT mediates the protective effect of IPC. The NAD+ levels in heart were decreased after 30 min of ischemia and transiently normalized by NMN administration. Implementation of two patterns of NMN administration, once 30 min before ischemia or 4 times repetitive administration just before and during reperfusion, reduced the infarct size by 44 and 29%, respectively. However, a single administration of NMN 12 h before ischemia and once immediately before reperfusion did not significantly reduce the infarct size. These findings suggest that NMN reduces infarct size after by I/R, and this effect is timing-dependent. Notably, NMN attenuated the increase in acetylation of FoxO1 during myocardial ischemia, but NMN failed to reduce the infarct size in Sirt1-KO mice, indicating that the protective effect of NMN on the heart following I/R injury is partly mediated by Sirt1.

NMN suppressed cardiomyocyte apoptosis in the peri-infarct area after I/R and significantly improves left ventricle (LV) systolic function caused by I/R. In addition, NMN activates autophagy during myocardial ischemia, which is consistent with the finding that NAMPT and SIRT1 promote autophagy in cardiomyocytes (Hsu et al., 2009). An ex vivo experiment showed that NMN attenuated myocardial I/R injury in aged rats (Hosseini et al., 2019b). Rats treated with NMN showed improved myocardial function and reduced infarct size. Besides, NMN exerted positive effects on mitochondrial function by improving the antioxidant system, restoring oxidative stress, and reducing mitochondrial ROS production and membrane depolarization. Importantly, the combination of NMN and melatonin could produce stronger cardioprotection.

Glycolytic stimulation during ischemia and enhanced acidosis during reperfusion are additional mechanisms for NMN-induced cardioprotection (Nadtochiy et al., 2018). Under normal conditions, cardiac ATP production is executed by β-oxidation of fatty acids (Stanley et al., 2005). Generating ATP via glycolysis is usually considered a manifestation of cardiac pathology and heart failure (Stanley et al., 2005). However, recent studies show that glycolysis has cardioprotective effects (Gohil et al., 2010). Nadtochiy et al. reported that NMN stimulates glycolysis and increases ATP production during ischemia, which partially contributes to NMN-induced cardioprotection (Nadtochiy et al., 2018). IR injury triggers the opening of the mitochondrial permeability transition pore (mPTP). Acid pH maintains the closed state of PT pores during ischemia, however, changes in pH during reperfusion promote mitochondrial pore opening (Griffiths and Halestrap, 1995). Addition of acidic media offers cardioprotection by maintaining the closed state of PT pore in early reperfusion (Cohen et al., 2007). It is worth noting that acidosis may promote mPTP in energetic mitochondria by stimulating Pi uptake (Kristian et al., 2001). NMN elevates cardiac lactate and pyruvate to induce acidosis, which protects against IR-induced injury (Nadtochiy et al., 2018).

Park et al. (2016) showed that NMN antagonizes global cerebral ischemia injury. Ischemic insults increase the production of free radicals, which causes DNA oxidative damage and PARP1 activation, and uncontrolled PARP1 activation decreases NAD+, which further decreases ATP synthesis, leading to cell death (Strosznajder et al., 2003). Conversely, NMN maintains normal cellular NAD+ levels by inhibiting the NAD+ catabolism of PARP1 to improve bioenergetics metabolism of post-ischemic tissue and ameliorate brain damage. NMN treatment at 30 min after initiation of reperfusion reduces hippocampal CA1 neuron cell death and improves ischemia-induced hippocampal dysfunction involved in spatial working memory (Park et al., 2016). The NAD+ levels in hippocampal tissue are significantly reduced after forebrain ischemia, and NMN inhibits this decrease in NAD+. Meanwhile, studies show that hippocampal PARP protein levels are significantly increased in mice with cerebral ischemia, accompanied by elevated ROS production. Interestingly, this effect is blocked by administration of NMN at the start of reperfusion. Notably, when administered at a dose of 62.5 mg/kg, NMN produced optimal treatment effects compared to other doses (500, 250, 125, and 31.25 mg/kg), suggesting that high dosage of NMN may introduce adverse effects on post-ischemic neurons. In fact, accumulation of NMN in nerve injury promotes axonal degeneration (Di Stefano et al., 2015) and NMN deamidase delays Wallerian degeneration and rescues axonal outgrowth defects (Di Stefano et al., 2017). Recently, Klimova et al. (2020) revealed a novel link between mitochondrial NAD+ metabolism, mitochondrial dynamics, and ROS production in cerebral ischemia. They showed that NMN treatment prevents post-ischemic depletion of mitochondrial NAD+, suppresses mitochondrial fragmentation, and reduces ROS generation via SIRT3-dependent mechanisms (Klimova et al., 2020). The activity of superoxide dismutase 2 (SOD2), a key mitochondrial antioxidant enzyme, was inhibited by an increase in its acetylation after ischemia, which can be reversed by NMN treatment. Moreover, NMN also prevents ischemia-induced phosphorylation of mitochondrial fission Dynamin-related protein (Drp1) (Klimova et al., 2020).

Wang P. et al. (2011) have already demonstrated that NAMPT protected against ischemic stroke through promoting neuronal survival via the SIRT1-dependent AMPK pathway. As the NAMPT enzymatic product, NMN alleviates cerebral infarction size, neurological deficit, and neuronal cell death (Wang P. et al., 2011). Furthermore, the important role of NAMPT–NAD cascade in regenerative neurogenesis after ischemic stroke has been underscored by Zhao et al. (2015), and delayed NMN supplementation for 7 days with the first administration at 12 h after cerebral ischemia improved post-ischemic regenerative neurogenesis.



HEART FAILURE AND CARDIOMYOPATHIES

Heart failure is the end stage of heart disease development and refers to the inability of the heart to pump sufficient blood to match the metabolic requirements of tissues due to impaired systole and/or diastole. Generally, heat failure is always associated with enlarged heart and dilated ventricles (Pillai et al., 2005).

Heart failure is one of diseases that are associated with mitochondrial respiratory dysfunction (Karamanlidis et al., 2013). It was found that deletion of Ndufs4, a protein critical for assembly and/or stability of complex I, resulted in a significant loss of complex I function in the heart. The cardiac-specific Ndufs4 KO (cKO) mice not only showed normal longevity and cardiac function in unstressed condition, but also exhibited normal myocardial energetics and contractile function during baseline workload or acute increases of workload. However, after chronic increases of workload including pressure overload and repeated pregnancy, the cKO mice with complex I deficiency developed heart failure and high cell death, and could not be explained by oxidative stress mechanism. Complex I deficiency significantly decreased NAD+/NADH ratio, which inhibited sirt3 activity, increased mitochondrial protein acetylation, and sensitized mPTP. Additionally, it has been shown that NMN treatment rescues NAD+/NADH ratio and mitochondria protein acetylation in cKO hearts, and normalizes the sensitivity of the mPTP (Karamanlidis et al., 2013).

Lee et al. reported that mitochondrial protein hyperacetylation, which is caused by elevated NADH/NAD+, increases the risk of development of heart failure by two distinct mechanisms (Lee et al., 2016). Malate aspartate shuttle (MAS) modulates communication between cytosolic and mitochondrial NAD+ redox states, transferring electrons from cytosolic NADH generated from glycolysis into mitochondria for oxidative phosphorylation (LaNoue and Williamson, 1971; Lee et al., 2016). During mitochondrial dysfunction, hyperacetylation of MAS decreases cytosolic NAD+/NADH ratio, thereby inducing mPTP-related cell death and the development of heart failure (Elrod et al., 2010). Lee et al. (2016) also identified that the acetylation of lysine-70 on oligomycin-sensitive conferring protein (OSCP) sensitized mPTP opening by promoting its interaction with cyclophilin D (CypD), a regulator of mPTP. Thus, administration of NMN reverses hyperacetylation of these proteins by normalizing the NAD+ redox balance, thereby protecting mice from heart failure.

Kruppel-like factor 4 (KLF4) is critical for cardiac mitochondrial homeostasis. Accordingly, mice with cardiac-specific deficiency of KLF4 (CM-K4KO) are more sensitive to pressure overload-induced heart failure (Liao et al., 2015). Zhang et al. found that cardiac KLF4 deficiency led to hyperacetylation of mitochondrial proteins, including SOD2, CypD, and long-chain Acyl-CoA dehydrogenase (LCAD), which impaired mitochondrial metabolic function and predisposed the CM-K4KO hearts to stress-induced dysfunction (Zhang et al., 2017). Meanwhile, the expression of Sirt3, NAD+, and NAMPT were reduced in the KLF4-deficient heart, all of which decreased deacetylase activity in the mitochondria. Moreover, NMN increased NAD+ levels and normalized the mitochondrial protein acetylation levels in cardiac tissue. Remarkably, NMN preserved the cardiac contractile function and protected CM-K4KO mice from heart failure during pressure overload. LCAD is a fatty acid oxidation (FAO) enzyme, which oxidizes long-chain fatty acid, the main fuel of heart. The activity of this enzyme is dependent on Sirt3-NAD+ deacetylation (Hirschey et al., 2010), and acute NMN treatment increased mitochondrial FAO, indicating that NMN improves cardiac energetics and heart function. CM-K4KO hearts showed high rates of cell death in myocardium when subjected to stress, and NMN administration prevented cell death in pressure-overloaded hearts. Finally, NMN was found to preserve the mitochondrial ultrastructure and reduce ROS and inflammation in CM-K4KO myocardium partially through Sirt3-dependent deacetylation and activation of SOD2 in response to oxidative stress (Zhang et al., 2017). In summary, short-term administration of NMN may confer protection against cardiac mitochondrial homeostasis and prevent heart failure.

Martin et al. (2017) reported that NMN improves cardiac function and bioenergetics in a SIRT3-dependent manner in a Friedreich’s ataxia (FRDA) cardiomyopathy model, a mouse genetic cardiomyopathy model with frataxin-KO (Fxn–/–, FXN-KO). NMN (500 mg/kg) administered two times per week for 4–5 weeks improves diastolic function and normalizes the defective cardiac contractility in FXN-KO. A shortened ejection time (ET) represents impaired contractility or severe LV dysfunction in patients with heart failure or idiopathic-dilated cardiomyopathy (Dujardin et al., 1998). FXN-KO mice show a shortened ET, whereas NMN treatment significantly increases ET (Martin et al., 2017).

NMN supplementation also improves cardiac energy utilization and decreases energy wastage in the FXN-KO heart. Cardiac efficiency (CE), a ratio of energy used for mechanical work to overall energy available, is decreased in FXN-KO. Also, FXN-KO mice also shows an increased ventriculoarterial coupling (VC) ratio, another parameter representing the efficiency of converting ventricular mechanical energy (ME) into hydraulic energy in the aorta during systole (Suga, 1990; Walley, 2016). NMN treatment normalizes both CE and VC in the FXN-KO heart failure model. Pressure–volume area (PVA) is the sum of ME and potential energy (PE) (Suga, 1990). In FXN-KO hearts, a large proportion of PVA is consumed as PE, rather than ME, which indicates greater energy wastage in heart failure. However, NMN treatment improves myocardial energy utilization by normalizing the proportion of PE in PVA.

Additionally, the study reported that NMN-induced reduction in energy wastage paralleled the remarkable decrease in whole-body energy expenditure (EE) due to decreased FA metabolism and a SIRT3-dependent carbohydrate metabolism (Martin et al., 2017). FXN-KO mouse show elevated whole-body daily FA oxidation and serum triacylglycerides, while NMN supplementation blocks this elevation. Moreover, NMN reduces tissue lactate production and inhibits glycolysis by decreasing systemic and cardiac glucose utilization in the FXN-KO heart, thereby improving CE and function (Martin et al., 2017). Importantly, the therapeutic effects of NMN are mediated by deacetylation of SIRT3 in FXN-KO hearts (Martin et al., 2017). In summary, these findings provide preclinical evidence that NMN could be a promising drug for heart failure and cardiomyopathies.



VASCULAR DYSFUNCTION

Cardiovascular disease (CVD) is the leading cause of mortality worldwide. Aging is a developmental risk factor for the disease. Vascular endothelial dysfunction and large elastic artery stiffness are two antecedents and predictors of clinical CVD (Mitchell, 2014). Vascular oxidative stress contributes to vascular endothelial dysfunction and large elastic artery stiffness (Bachschmid et al., 2013). Excessive superoxide reduces the bioavailability of nitric oxide (NO), a vasoprotective, and vasodilatory molecule, and thus causes alterations of structural proteins such as collagen and elastin, in large elastic arteries (Seals et al., 2014). Vascular endothelial dysfunction and large elastic artery stiffness are assessed by endothelium-dependent dilation (EDD) and aortic pulse wave velocity (aPWV), respectively (de Picciotto et al., 2016). Old mice showed impaired carotid artery EDD, and oral supplement of NMN (300 mg/kg) for 8 weeks restored EDD in the old mice by assisting in regaining NO-mediated dilation and reducing arterial oxidative stress (de Picciotto et al., 2016). Also, NMN restored the expression and activity of the SIRT1 in the arteries of old mice in accordance with previous studies, which revealed that the reduced expression and activity of SIRT1 contributes to impaired EDD in aging arteries (Donato et al., 2011; Gano et al., 2014) and by applying SIRT1 activator, the EDD was improved by partly reducing the oxidative stress (Gano et al., 2014).

An increase in stiffness of large elastic artery with age reduces the artery’s ability to buffer increase in pressure churned out by systolic ejection (de Picciotto et al., 2016). The type I collagen, a load-bearing protein in the arterial wall, is augmented during aging, while the main structural protein, elastin, diminishes in old arteries (Diez, 2007). Treatment using NMN also reduced the large elastic stiffness in aged mice by reversing the accumulation of whole-vessel type I collagen and enhancing arterial elastin (de Picciotto et al., 2016). A recent study showed that the protective effects of NMN supplement on vascular function are associated with increased anti-aging miRNA expression profile in the aorta of aged mice (Kiss et al., 2019b).

The brain, which is, a metabolically active organ, relies on the blood circulation to deliver nutrients and eliminate metabolic waste products (Tarantini et al., 2017). Cerebromicrovascular health is critical for brain perfusion, which helps in the maintenance of healthy cerebral function. Adjustment in cerebral blood flow maintains cellular homeostasis and function through neurovascular coupling (NVC), in response to the increased neuronal activity (Tarantini et al., 2017). Microvascular endothelium releases the vasodilator (NO) in response to increased neuronal and astrocytic activation (Toth et al., 2014). Several lines of evidence suggest that NVC responses are impaired in the course of aging, hence contributing to age-related cognitive impairment (Toth et al., 2014; Balbi et al., 2015). Emerging studies have revealed that an increase in mitochondrial oxidative stress and mitochondrial dysfunction results in impairment of neurovascular during the aging process (Springo et al., 2015).

A report by a recent study on aged mice showed that NMN could restore the function of cerebromicrovascular endothelium and NVC responses (Tarantini et al., 2019). NMN (i.p. 500 mg/kg) was injected in male aged mice (24 months old) for 14 consecutive days. The treatment restored the NO mediation of NVC in aged mice by reestablishing NO release, which resulted in endothelial NO-mediated vasodilation in the aortas of aged mice. The NO mediation of NVC responses is weakened by age-related mitochondrial oxidative stress. NMN increased the activation of SIRT1, which reversed mtDNA-encoded subunits, attenuated mtROS production, and improved mitochondrial bioenergetics. Thus, NMN can restore the protective effects of cerebromicrovascular by improving endothelial function, attenuating endothelial oxidative stress, and improving NVC responses in aged mice (Tarantini et al., 2019).

Age-related NAD+ depletion and consequential SIRT1 dysregulation are associated with impaired angiogenic processes in cerebromicrovascular. However, a study indicated that NMN could rescue angiogenic capacity in aged cerebromicrovascular endothelial cells (ECs) (Kiss et al., 2019a). Recently, the same team identified 590 genes differentially expressed in the aged neurovascular unit, 204 of which were shifted back toward youthful expression levels by NMN (Kiss et al., 2020). NMN supplementation reverses age-related changes in neurovascular gene expression, including SIRT1 activation, mitochondrial protection, anti-inflammatory, and anti-apoptotic (Kiss et al., 2020).

A steady decline in tissue perfusion has been observed in humans from the age of 40, which often results in organ dysfunction and general body weakness in the last decades of life (Le Couteur and Lakatta, 2010). The number and function of ECs decline with age, resulting in increased apoptosis of ECs in the muscle, diminished neovascularization, and loss of blood vessels (Wang et al., 2014). These changes reduce muscle mass and endurance during aging (Prior et al., 2016). Abhirup et al. reported that SIRT1 in ECs is necessary for the response to pro-angiogenic signals secreted from myocytes and treatment with NMN improved blood flow and endurance in elderly mice by increasing capillary density (Das et al., 2018). In the same study, the number and density of ECs and capillaries in skeletal muscle for endurance were significantly decreased in the old mice, which could have been associated with impaired angiogenesis. Endothelial-specific SIRT1 knockout mice (ESKO) exhibited the same phenotype of aging, including reduced density of capillaries and decreased exercise endurance. Overexpression of endothelial SIRT1 sensitizes ECs to vascular endothelial growth factor, which improves the muscle neovascularization and hence increases capillary density and endurance. Moreover, NAD+/SIRT1 negatively regulates Notch signaling (Guarani et al., 2011), an indispensable signaling pathway for blood vessel formation (Blanco and Gerhardt, 2013).

Thus, NMN could restore angiogenesis in old mice through SIRT1-mediated inhibition of Notch signaling. NMN (400 mg/kg/day) was administered to old mice through drinking water for 2 months. The drug restored the number and density of capillaries, increased soluble oxygen (sO2) levels, and improved endurance in the old mice. However, these effects were abolished in SIRT1 knockout mice. Also, exogenous hydrogen sulfide (H2S) augmented the effect of NMN.

All these studies suggest that NMN could be a favorable agent for therapy against various diseases related to a decrease in blood flow brought about by cardiovascular dysfunction.



INTRACEREBRAL HEMORRHAGE

Intracerebral hemorrhage (ICH) is a primary brain injury resulting from mechanical damage that causes a hematoma. It can sometimes progress to a secondary injury, which is mainly subsequent pathophysiologic changes, including blood–brain barrier (BBB) destruction, hemoglobin-induced iron overload, neural cell death, neuroinflammation, and oxidative stress (Zhou et al., 2014; Wei et al., 2017b). A study suggested that NMN could be a promising agent for the treatment of ICH (Wei et al., 2017b). A single dose of NMN (300 mg/kg) was injected into CD1 mice 30 min after treatment with collagen-induced intracerebral hemorrhage (cICH). The NMN treatment relieved the edema that had been induced by cICH and improved neurological function. Treatment using NMN reduced cell death and oxidative stress in hemorrhage area. Moreover, it suppressed the cICH-induced microglia activation and neutrophil infiltration and inhibited inflammatory-associated factors, including TNF-α and IL-6. The intercellular adhesion molecule-1 (ICAM-1) protein, an adhesion molecule, is essential for the process of neuroinflammation activation after ICH. The NMN treatment also inhibited an increase in ICAM-1 after cICH (Sozzani et al., 2015; Wei et al., 2017b).

The secondary stage of ICH mainly results from toxicity caused by hemin, which is a breakdown product of hemoglobin. It causes cell death and induces extensive local inflammation/oxidative stress. Hemin can induce HO-1, a ubiquitous enzyme, which oxidatively cleaves pro-oxidant heme to produce biliverdin and carbon monoxide. NMN also elevates the nuclear Nrf2 protein expression to upregulate HO-1 protein expression in brain tissues, thereby inhibiting neuroinflammation and oxidative stress and contributing to the neuroprotection in ICH (Mylroie et al., 2015; Wei et al., 2017b). Finally, a prolonged NMN treatment for 7 days significantly arrested body weight decline and neurological deficit caused by ICH.

Carrie et al. also reported that NMN supplement preserved mitochondrial function, mitigated inflammation, and increased survival rate in hemorrhagic shock (Sims et al., 2018). Lactic acidosis, which is a by-product of anaerobic metabolism, is used to estimate the success of resuscitation in injured patients (Broder and Weil, 1964). High lactate levels reflect tissue hypoperfusion, which is, in turn, related to the severity and survivability of the shock (Rixen and Siegel, 2005). Pretreatment (400 mg/kg/day for 5 days, oral) and resuscitation (400 mg/kg, intravenous) with NMN significantly reduced serum lactate levels during a fixed pressure hemorrhagic shock.

The NAD+ concentration in various tissue decreases rapidly with the severity of the injury during hemorrhagic shock (Wurth et al., 1973), which can result in dysfunction of vital organs. Under hypoxic conditions, the mitochondrial electron transport chain becomes inefficient in reoxidizing NADH to the NAD (Wheaton and Chandel, 2011). The NMN treatment can compensate for the decrease in NAD+ levels and preserved the NAD/NADH ratio in both kidneys and livers. Adenosine triphosphate reserves are also depleted following hemorrhagic shock and resuscitation, and NMN treatment also restores the reserves in the kidney, but, not the liver. This could be caused by elevated ATP consumption in the liver. Treatment with NMN preserves the impaired complex I–dependent (CI-dependent) respiration following hemorrhagic shock and resuscitation.

Hemorrhagic shock and resuscitation are usually accompanied by increased cytokine levels, oxidative stress, and insulin-resistant hyperglycemia, which indicates the existence of inflammation (Sims et al., 2018). Circulating levels of the cytokine IL-6 are as predictors of mortality in human patients (Stensballe et al., 2009). Treatment with NMN significantly reduces serum IL-6 cytokine levels and ameliorated shock-induced hyperglycemia. The most important is that NMN can enhance physiologic reserve and improve survival after hemorrhagic shock. Pretreatment with NMN increases the ability of animals to tolerate longer periods of hypoperfusion. Resuscitation with NMN significantly improves the survival.

Tissue plasminogen activator (tPA) is used for therapy in case of acute brain ischemia. The window of tPA therapy is within 0–4.5 h. A delayed tPA therapy dose not decrease infarction but worsens hemorrhagic transformation (Wei et al., 2017a; Zhang et al., 2009). Wei et al. (2017a) suggested that NMN could attenuate delayed tPA-induced hemorrhagic transformation after cerebral ischemia without changing tPA thrombolytic activity. In the study, delayed tPA therapy resulted in a high mortality rate in middle cerebral artery occlusion (MCAO) mice. However, a single dose of NMN (300 mg/kg) injection (i.p.) reduced the mortality rate. NMN also attenuated the delayed tPA-induced severe infarction volume and brain edema. The cerebral hemorrhage caused by delayed tPA was fatal, but NMN significantly decreased the cerebral hemorrhage and higher hemoglobin level in the ipsilateral hemisphere of delayed tPA mice. The administration of NMN also inhibited neural apoptosis and ameliorated microglial activation and reduced neuroinflammation in delayed tPA-treatment mice.

It has been reported that disruption of BBB could be a reason for tPA-induced hemorrhagic transformation (Kastrup et al., 2008). The tPA activates matrix metalloproteinases (MMPs), which destroys tight junction proteins (TJPs) (Rempe et al., 2016). Consistent with previous findings, the protein levels of TJPs (claudins, occludin, and zonular occludens-1) were downregulated, and the activities of MMP9 and MMP2 were enhanced in delayed tPA treatment, which implied that the BBB integrity had been compromised. The NMN treatment significantly reversed these changes and protected BBB integrity. Thus, NMN could be a potential agent for the therapy of tPA-induced hemorrhagic transformation.

It was also reported that NMN is able to protect brain in both the early and the chronic phase of cryoinjury (Zhang et al., 2015). These studies demonstrated that NMN could be a remedy for ICH of various causes.



NEUROPROTECTIVE AND COGNITIVE FUNCTION

Cognitive decline is one of the many symptoms of aging, and regulation of adult neurogenesis could be a therapeutic strategy in overcoming the condition. There are two distinct populations of neural stem cells (NSCs) in the brain, which are found in the subgranular zone (SGZ) and subventricular zone (SVZ). They can self-renew and differentiate into transient amplifying progenitors, that is, neural stem/progenitor cells (NSPCs). The NSPCs undergo finite, lineage-restricted cell divisions to differentiate into the major cell types of the brain, such as neurons, oligodendrocytes, and astrocytes (Artegiani and Calegari, 2012; Jadasz et al., 2012). Studies have revealed that aging is a negative regulator of NSPC proliferation, whereas NSPCs could be reactivated in the aged brain (Artegiani and Calegari, 2012). Thus, restoring the function of NSPCs could effectively prevent age-associated cognitive decline.

Liana and Shin-ichiro established that, in response to insult-induced demyelination, NAMPT-mediated NAD+ biosynthesis was critical for NSPC self-renewal, proliferation, and differentiation into oligodendrocytes (Stein and Imai, 2014). The study found that levels of NAD+ and expression of NAMPT in hippocampus were declining with age. However, the long-term NMN administration was able to maintain the NSPC pool. Moreover, they found that NMN administration reduced defects in oligodendrogenesis caused by decrease in NAD+ levels. Thus, NMN could be a promising agent for maintaining the NSPC pool and reactivating NSPCs, which can improve remyelination caused by aging and neurodegenerative diseases (Stein and Imai, 2014). Also, Zhao et al. (2015) reported that NMN was able to induce NSC proliferation (via SIRT1 and SIRT2) and promote NSC differentiation (via SIRT1, SIRT2, and SIRT6).

Mental disorders such as anxiety are prevalent among older people and account for 10–20% of the total mental diseases in the population, most of which is dementia or major depressive disorder (Regier et al., 1988). Late-life anxiety disorder results in substantial financial burden on individuals and society. Sean et al. discovered that old mice developed cognitive hypersensitivity in response to aversive stimulation during contextual fear condition tests, which was associated with the age-related changes in emotionality and sensory processing (Johnson et al., 2018). Moreover, specific knockdown of NAMPT in the hippocampal CA1 region recapitulated the same age-associated cognitive hypersensitivity, whereas dentate gyrus specific NAMPT knockdown mice did not show cognitive hypersensitivity.

Sean et al. found that calcium/calmodulin-dependent serine protein kinase (Cask), a crucial multidomain scaffold protein at the synapse and in cell junctions (Hsueh, 2006), is the downstream effector in response to the reduction in NAD+ and is also downregulated in the hippocampus during aging (Johnson et al., 2018). Therefore, Sean et al. proposed a model to demonstrate that the levels of NAMPT and NAD+ in hippocampal neurons, particularly in CA1 neurons, decline during aging, leading to a decrease in SIRT1 activity and subsequent downregulation of Cask expression in the aged hippocampus. Cask interacts with the GluN2B subunit of N-methyl-D-aspartate receptor (NMDAR) for the transport of GluN2B-containing vesicles (Jeyifous et al., 2009), and the reduction in Cask could cause dysfunction of GluN2B-containing NMDARs at the synapse, which could contribute to a wide range of cognitive and behavioral impairments during aging (Johnson et al., 2018). The NMN supplementation, even in a short time, could reduce cognitive hypersensitivity and improve the sensory processing aspect of some aversive stimuli and possibly other related behaviors (Johnson et al., 2018). Therefore, the NMN administration could prevent and treat such cognitive impairments and enhance the quality of life in old age.

NMN also prevented aging-induced cognitive impairment by improving cerebrovascular (Kiss et al., 2019a; Tarantini et al., 2019) and mitochondrial function, and reducing apoptosis in the prefrontal cortex and hippocampus of aged animals (Hosseini et al., 2019a). Lu et al. (2014) reported that NMN improved energy activity and survival rate in an in vitro model of Parkinson’s disease. Fang et al. (2016) also demonstrated that NR and NMN were able to normalize neuromuscular function and memory by regulation of mitophagy and enhancement of DNA repair in mice and worm models of ataxia-telangiectasia (AT), an autosomal recessive disease with progressive neurodegeneration.

A study indicated that NAMPT enzymatic activity enhancer P7C3 could have a neuroprotective effect in a mouse model of amyotrophic lateral sclerosis (ALS) (Tesla et al., 2012), and the levels of iNAMPT in ALS patients were lower than those of age-matched controls (Wang et al., 2017). Wang et al. (2017) silenced NAMPT in the projection neurons of adult mice and created Thy1-YFP-Nampt–/– cKO mice that notably exhibited general motor abnormalities, muscle atrophy, progressive motor function deficits, and a shorter lifespan, some of which are the key features of ALS. Loss of NAMPT in projection neurons led to mitochondrial metabolic dysfunction and destroyed the mitochondrial homeostasis. Wang et al. reported that NAMPT knockdown disrupts the balance between mitochondrial fission/fusion and causes more fragmentation, which could lead to subsequent neuronal degeneration. The thy1-YFP-Nampt–/– cKO mice exhibited neurodegeneration in the brain, especially in the motor cortex and increased acetylation proteins, which implied that NAD+-related perturbations induced a reduction in Sirt3 activity. Also, many lines of evidence have shown that increasing Sirt1 and Sirt3 deacetylation activities have a neuroprotective role in motor neuron degeneration diseases, such as ALS (Fu et al., 2012; Watanabe et al., 2014).

The thy1-YFP-Nampt–/– cKO mice also showed widespread abnormalities of the neuromuscular junctions (NMJs), which is known to disrupt synaptic connectivity and cause defective synaptic transmission. Remarkably, NMN (400 mg/kg) treatment lessened disease severity, restored motor function, and extended the life span of Thy1-YFP-Nampt–/– cKO mice. Recently, this same team reported that loss of NAMPT in projection neurons cause detrimental effects on the function and structure of NJM, including impaired synaptic vesicle cycling, morphological changes to the motor endplate, alterations of skeletal muscle contractile responses, and noticeable sarcomere misalignment (Lundt et al., 2020). These detrimental effects were reverse by administration of NMN (400 mg/kg/day) for 14 days. However, NMN treatment did not restore skeletal muscle mitochondria morphology change caused by deletion of Nampt (Lundt et al., 2020). Thus, NMN is a potential therapeutic drug for motor neuron (MN) degenerative diseases, including ALS. Increasing the NAD+ salvage pathway could reduce the symptoms of neurodegenerative diseases.



ALZHEIMER’S DISEASE

AD is progressive dementia characterized by memory loss at an early stage of the disease progression. Currently, there is no effective therapy for AD treatment. Also, its molecular basis has not been elucidated (Gong et al., 2003). Thus, there is a need to focus on finding effective therapeutic drugs for the disease.

Mitochondrial dysfunction is a feature of many neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD) (Hroudova et al., 2014). Morphological and functional abnormalities of mitochondria may lead defects in the electron transport chain and ATP production, which are associated with AD (Hroudova et al., 2014; Long et al., 2015). The NAD+ as a cofactor is crucial for the tricarboxylic acid cycle, mitochondrial oxidative phosphorylation, and glycolysis-related enzymatic reactions, and the levels of NAD+ in the cell are critical for neuronal survival (Liu et al., 2008). Thus, preventing NAD+ depletion and boosting cellular energy could be a therapy for neurodegenerative disease (Long et al., 2015).

A study reported that NMN improved NAD+ catabolism and changed mitochondrial morphological dynamics in mice with AD (Long et al., 2015). In the study, AD chimeric amyloid precursor protein APP(swe)/PS1(ΔE9) double transgenic (AD-Tg) mice showed deficits in mitochondrial oxygen consumption rates (OCRs) in the brain and muscle at 3 months of age. The NMN (100 mg/kg) was subcutaneously injected to AD-Tg female and male mice consecutively for 28 days, which reversed mitochondrial OCR deficiencies in the AD model. Still, in the same study, full-length mutant human APP levels were significantly increased in the brain of AD-Tg mice compared to non-transgenic (NTG) mice. The administration of NMN decreased full-length mutant APP expression in AD-Tg mice. Immunoreactivity of SIRT1 and CD38 was also significantly increased in AD-Tg compared to NTG mice, which could be attributed to NAD+ catabolism. The AD mice pre-treated with NMN showed a lower SIRT1 immunoreactivity compared to Ag-TD mice, but still had a higher SIRT1 compared to NTG mice.

The mitochondrial morphology is vital for its functions, such as mitochondrial respiration and calcium homeostasis, among others. Fusion and fission are two fundamental processes in mitochondria, which are essential for cellular survival and disease vulnerability. The protection of the nervous system is associated with the fusion, and fission processes, both of which contribute to the damaged organelles’ elimination (Escobar-Henriques and Anton, 2013). NMN administration increased the length of mitochondria and decreased fragmentation in the hippocampal sub-region (Long et al., 2015). A study reported that NMN alters mitochondrial dynamics by SIRT3-dependent mechanism (Klimova et al., 2019). Nina et al. also showed that the levels of the active form of fission protein, phosphorylated Drp1 (S616) (pDrp1), were significantly decreased in hippocampal mitochondria after a single-dose NMN treatment, and the same result was observed in AD-Tg mice (Long et al., 2015). NMN also decreased the acetylation of mitochondrial proteins, such as mitochondrial SOD2, which is an important antioxidant enzyme and one of the targets of SIRT3. The SOD2 catalyzes superoxide into hydrogen peroxide and oxygen, which is then converted to water by glutathione peroxidase (Chen et al., 2011). Studies have shown that mitochondrial morphologies are associated with the generation of ROS, and the accumulation of ROS could induce more mitochondrial fragmentation (Willems et al., 2015). Thus, NMN treatment reduced hippocampal ROS through SIRT3-dependent deacetylation of SOD2, which resulted in lowering mitochondrial fragmentation via pDrp1 (S616).

The Aβ oligomers have been widely reported to be responsible for AD pathology. They usually accumulate in AD frontal cortex levels of up to 70-fold compared to normal brains (Gong et al., 2003). Wistar rats with an intracerebroventricular infusion of Aβ1–42 oligomer were used as AD mouse models. Intraperitoneal NMN (500 mg/kg) treatment improved their cognitive and memory functions, which might have been as a result of NMN reducing oxidative stress actions (Wang et al., 2016). Long-term potentiation (LPT), a mechanism for memory and learning functions, is significantly inhibited by Aβ oligomers, but NMN treatment was able to prevent this inhibition in organotypic hippocampal slice cultures (OHCs). Oxidative stress and a high concentration of ROS have toxic effects on synaptic transmission, which is essential in neurodegeneration (Guidi et al., 2006). Administration of NMN prevented the accumulation of ROS induced by Aβ1–42 oligomer in OHCs, which could have been the reason for memory and learning improvement. The NMN treatment also attenuated the neuronal cell death and reduction of NAD+ and ATP in Aβ1–42 oligomer-treated hippocampal slices (Wang et al., 2016).

The c-Jun N-terminal kinases (JNKs) are a family of multifunction-signaling protein kinases that respond to various cellular stresses and inflammatory mediators (Mehan et al., 2011). However, aberrant activation of JNK is associated with pathogenesis of Alzheimer’s disease. A study demonstrated that NMN could reverse AD by inhibiting JNK activation in the hippocampus and cerebral cortex of AD-Tg mice (Yao et al., 2017). Administration of NMN ameliorated amyloid-induced synaptic loss and dysfunction, and reversed cognitive impairments in AD-Tg mice, including severe impairment of spatial learning, spatial memory and contextual memory.

Also, NMN decreased β-amyloid production and amyloid plaque burden (Yao et al., 2017). The NMN regulated the expression of APP cleavage secretase in AD-Tg mice, including elevation of sAPPα and reduction of sAPPβ. A previous study indicated that phosphorylation of APP on threonine 668 could promote β-secretase cleavage of APP, resulting in more Aβ generation (Colombo et al., 2009). SIRT1 activation promoted non-amyloidogenic α-secretase processing of the amyloid precursor protein by inhibiting rho-associated kinase (ROCK1) expression (Qin et al., 2006). These results showed that NMN might enhance non-amyloidogenic APP processing and hence decrease Aβ pathology in AD-Tg mice. Neuroinflammatory, a crucial response for the development of AD (Morales et al., 2014), was shown to be inhibited by NMN treatment in AD-Tg mice (Yao et al., 2017), including decrease in IL-6, IL-1β, and TNFα. These proinflammatory cytokines stimulate β-secretase and γ-secretase to generate more Aβ in the brain through a JNK-dependent MAPK pathway (Liao et al., 2004). In conclusion, NMN improved cognitive abilities and decreased amyloid plaque, loss of synapse, β-secretase, and neuroinflammation, at least partially by inhibition of JNK activation.

These studies demonstrate that NMN could be a viable intervention for managing AD.



RETINAL DEGENERATION AND CORNEAL INJURY

The photoreceptor is crucial for light transduction, which is necessary for vison, and there are two classes of photoreceptors: rods and cones. Rod and cone photoreceptors mediate dim and precise central vision in ambient light, respectively (Lin et al., 2016). Death of photoreceptors results in vision loss, and this occurs in many diseases, including age-related macular degeneration (AMD), retinitis pigmentosa (RP), and Leber congenital amaurosis (LCA) (Wright et al., 2010). It has been reported that mutations in NMNAT1 cause LCA, as a result of reduced NAD+ biosynthesis and impaired protein folding (Koenekoop et al., 2012). Thus, NAD+ biosynthesis has a role in photoreceptor function and survival.

Knockout mice lacking Nampt in rod photoreceptors (Nampt–rod/–rod) and cone photoreceptors (Nampt–cone/–cone) showed a decreased retinal NAD+ level and a degenerative phenotype, including vascular attenuation, optic nerve atrophy, outer nuclear layer thickness reduction, and retinal function impairment (Lin et al., 2016). Retinal NAD+ deficiency was observed in multiple mouse models with retinal dysfunction, including light-induced degeneration, streptozotocin (STZ)-induced diabetic retinopathy, and aging-associated retinal dysfunction. NAD+ deficiency in photoreceptors causes significant glycolytic and mitochondrial dysfunction under basal conditions and impairs the normal response to moderate metabolic stresses, which results in photoreceptor cell death and retinal degeneration (Lin et al., 2016). Besides, photoreceptors are susceptible to defects in energy homeostasis because of their limited mitochondrial reserve (Kooragayala et al., 2015). Lin et al. (2016) demonstrated that SIRT3 and SIRT5 are both critical for photoreceptor survival and retinal homeostasis. It is through SIRT3 that NAD+ deficiency causes aberrant hyperacetylation of mitochondrial proteins, hence contributing to mitochondrial dysfunction.

Nampt is critical for energy metabolism in retinal cells and its deficiency results in impairment of retinal homeostasis. Downstream production of Nampt is a potential approach to relieve the impairment. Intraperitoneal injections of NMN (150 mg/kg) for 4 weeks improved scotopic and photopic retinal function and reduced photoreceptor death in Nampt–rod/–rod and Nampt–cone/–cone mice. Also, intraperitoneal injections of NMN (300 mg/kg) for 10 days were able to protect the retina from light-induced injury (Lin et al., 2016).

Mills et al. reported that long-term NMN administration ameliorated age-associated pathological changes in the eyes (Mills et al., 2016). The mutation in rd8 of C57BL/6N mice induced accumulation of subretinal microglia and macrophages with age, which was consistent with an increase in light-colored spots in the fundus of the eyes (Aredo et al., 2015; Mills et al., 2016). The C57BL/6N mice at 17 months of age showed several light-colored spots in the fundus. However, the spots were significantly reduced in the fundus of the aged mice, which were on a long-term NMN supplementation. The long-term supplementation prevented rod cell dysfunction and improved scotopic b and photopic b waves in aged C57BL/6N, which suggested that the function of Muller/bipolar cell and cone cell was enhanced by NMN supplementation (Mills et al., 2016). The functioning of the lacrimal gland in humans and rodents gradually decreases with age (Zoukhri, 2006). Notably, long-term NMN administration significantly increased tear production in aged mice (Mills et al., 2016).

The cornea is one of the most densely innervated tissues in the human body and corneal innervations play a critical role in the regulation of epithelial homeostasis (Bonini et al., 2003). Neurotrophic keratopathy, a degenerative corneal disease with an impairment of trigeminal nerve, shows corneal epithelial defects, ulcer, and even perforation (Bonini et al., 2003). Li et al. demonstrated that corneal denervation impaired the epithelial NAD+ levels by reducing the expression of NAMPT. This process led to deactivation of SIRT1, pAKR, and pCREB, and caused the apoptosis of corneal epithelial cells (Li et al., 2019). NMN treatment significantly reduced the wound area and slowed down the corneal nerve fiber degeneration in the denervated mice. The supplement of NMN restored the activation levels of SIRT1, AKT, and CREB, and reversed the cell apoptosis and epithelial defects (Li et al., 2019). A recent study also reported that subconjunctival injection of NMN or other NAD+ precursors effectively prevented ultraviolet B light (UVB)-induced tissue damage and EC apoptosis in the mouse cornea through reactivating AKT signaling (Zhao et al., 2020). These findings demonstrate that NMN could be a therapeutic agent for treating diverse diseases that are associated with blindness.



ACUTE KIDNEY INJURY (AKI)

Approximately 1.33 million people worldwide suffer from AKI every year, resulting in a substantial economic and social burden on patients and society. The condition is associated with a high mortality rate exceeding 50% of those affected and the development of chronic kidney disease and other types of organ dysfunctions (Lewington et al., 2013). Aging is an independent risk factor for AKI (Kane-Gill et al., 2015), and various age-related factors contribute to the increased susceptibility to AKI (Fan et al., 2013), including diabetes, hypertension, vascular diseases, and some iatrogenic factors (Kane-Gill et al., 2015).

Studies have revealed that SIRT1 and SIRT3 are critical in protecting the kidney from injury (Fan et al., 2013; Morigi et al., 2015). Guan et al. reported that the administration of NMN could prevent age-associated susceptibility to AKI by restoring renal SIRT1 activity (Guan et al., 2017). The study found that kidneys of aged mice were more susceptible to cisplatin-induced AKI, and the NAD+ levels and SIRT1 expression were low in aged kidney. NAMPT and NMNAT were significantly lower in the kidney cortex of the old mice compared with those of the young mice. Four days of NMN treatment restored NAD+ levels in the kidneys and protected them from age-associated AKI. However, this protective effect of NMN was inhibited by SIRT1 deficiency, indicating that the renal protective effect of NMN was dependent on SIRT1. NMN treatment also protects the kidney from ischemia–reperfusion injury. Mice with NMN administration showed less ischemia–reperfusion injury and better kidney function compared with mice treated with PBS, which includes decreased blood urea nitrogen (BUN) and lower serum creatinine levels, and ameliorated tubular damage (Guan et al., 2017). Moreover, it has been shown that NMN could alleviate diabetic nephropathy nephritic fibrosis by inhibiting endogenous Nampt (Chen et al., 2017).

In conclusion, the findings of these studies show that NMN could be a potential therapeutic agent for AKI because of its ability to restore NAD+ and SIRT levels in the kidney.



ALCOHOLIC LIVER DISEASE

As the most common chronic liver disease, alcoholic liver disease (ALD) is caused by chronic alcohol consumption and can develop from alcoholic fatty liver (AFL) to alcoholic steatohepatitis (ASH) (Seitz et al., 2018). Ethanol-induced NAD+ depletion is involved in the development of ethanol-induced steatosis, oxidative stress, steatohepatitis, and insulin resistance (Luo et al., 2017). However, NMN treatment maintained the NAD+ levels and restored the alterations of TCA cycle metabolites that is induced by ethanol (Assiri et al., 2019). NMN also successfully prevented an ethanol-induced increase in plasma levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), two damage biomarkers of liver. RNA-seq analysis revealed that ethanol changed the expression of 1778 genes, 25% of which were altered by NMN treatment (Assiri et al., 2019). The mitogen-activated protein kinases (MAPK) pathway was one of the signaling pathways that were significantly affected by NMN. Previous studies have demonstrated that activating transcription factor 3 (Atf3) is associated with NAD+/NADH ratios and can be induced by ethanol (Mohammadnia et al., 2015). Elevated Atf3 also correlated with increased ALT and AST (Allen-Jennings et al., 2002). Moreover, Atf3 overexpression has been found in patients with alcoholic steatohepatitis (Mohammadnia et al., 2015). Interestingly, NMN normalized extracellular signal-regulated kinase1/2 (Erk1/2) signaling and reduced the expression of Atf3 (Assiri et al., 2019).



OTHER DISEASES AND IMPROVEMENT OF PHYSICAL FUNCTION

Associated with the loss of oocyte quality, reproductive aging in female mammals is an irreversible process that accompanies decreased levels of NAD+ (Bertoldo et al., 2020). However, administration of NMN can hopefully restore oocyte quality and fertility in aged mice and reverse the adverse effect of maternal age on developing embryo, suggesting that NMN can rescue female reproductive function in mammals (Bertoldo et al., 2020). Multigenerational obesity-induced perturbations in oocyte-secreted factor signal can also be normalized by NMN supplementation (Bertoldo et al., 2018). However, NMN does not protect the ovarian reserve from radiotherapy and chemotherapy, such as γ-irradiation or cyclophosphamide (Stringer et al., 2019).

Depression is a major mental health problem and has especially large effects on individual health and social burden. Previous studies have suggested that mitochondrial dysfunction and decreased ATP production contribute to depression (Allen et al., 2018). Recently, Xie et al. reported that in a corticosterone (CORT)-induced depressed mouse model, NMN could alleviate depression-like behaviors by improving mitochondrial energy metabolism via enhancing the activity of SIRT3 (Xie et al., 2020). Transcriptome and metabolome analysis demonstrated that NMN inhibited CORT-induced lipid synthesis, stimulated β-oxidation and glycolysis, and improved the TCA cycle to enhance ATP production in mitochondria.

Besides, NMN has also been reported to enhance skeletal muscle mitochondrial oxidative metabolism in aged mice (Gomes et al., 2013), improve hepatic mitochondrial function in circadian mutant mice (Peek et al., 2013), reduce DNA damage, and protect against irradiation-induced alterations in white blood cell counts, lymphocytes, and hemoglobin (Li et al., 2017). Recently, a study reported that NMN treatment improved mesenchymal stromal cells self-renewal with promoted osteogenesis and reduced adipogenesis via the SIRT1 pathway in aged and irradiated adult mice (Song et al., 2019). Moreover, NMN supplement can alleviate aluminum-induced bone injuries via suppression of the thioredoxin-interacting protein (TXNIP)–NLRP3 inflammasome pathway (Liang et al., 2019). These findings further demonstrate that NMN can be used to treat a variety of diseases involving NAD+ decline (Figure 4 and Table 1).
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FIGURE 4. Nicotinamide mononucleotide ameliorates various diseases by increasing NAD+ levels in human. NMN is a promising molecule for therapy of diverse diseases, including diabetes, obesity, ischemia–reperfusion injury, heart failure, Alzheimer’s disease, retinal degeneration, acute kidney injury, and so on.



TABLE 1. Therapeutic effects of NMN administration in vivo.
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POSSIBLE DETRIMENTAL EFFECTS OF NMN SUPPLEMENTARY

Although the benefits of NMN are obvious, some studies suggest that people need to use it with caution. Keeping NMN at a low level was beneficial to the axon survival (Di Stefano et al., 2017). NMN accumulation could promote Wallerian or Wallerian-like degeneration, which was involved with the physical neurite injury. Inhibiting NAMPT or maintaining NMNAT activity could preserve the structure and function of the transected axons and the distal axon stump by preventing the increase of NMN. It is worth noting that since a long-term NAD+ depletion would become harmful for protection of axons, a time window of inhibiting the NMN accumulation was shown after the acute injury (Di Stefano et al., 2015). To decrease the level of NMN and maintain the production of NAD+, nicotinic acid riboside (NAR) was introduced in treating chemotherapy-induced axon degeneration by generating NAD+ through an alternative pathway that bypassed NMN formation (Liu et al., 2018).

It was reported that a lower dosage of NMN could be more effective and safer, for example, the brain may be more sensitive to the concentration of NMN (Park et al., 2016). A lower-dose administration of NMN resulted in improved female infertility with enhanced oocyte quality. Overdose of NMN may have some adverse effects on other aspects of fertility (Bertoldo et al., 2020). NMN administered by intraperitoneal injection increased oxidative stress of sperm and reduced sperm quality in male offspring of obese mothers with HFD, whereas oral administration of NMN did not have these effects (Youngson et al., 2019). These data indicated that the effects of NMN were complex and the therapeutic dose or mode of administration needs more investigation in the future.

Carefully, NAD turnover in tumor cells is higher than nontumor cells. The expression levels of NAMPT were found to be elevated and have a positive relationship with the stage of tumor progression in many types of tumor, indicating that downregulation of NAMPT/NAD+ may become a strategy for anti-cancer therapy (Wang B. et al., 2011; Gujar et al., 2016). It is noteworthy that SIRT1, as downstream targets, has both tumor-suppressor and oncogenic roles under different circumstances (Chalkiadaki and Guarente, 2015). Thus, efficiency and long-term safety of NMN should be precisely assessed in further preclinical and clinical studies.



HUMAN CLINICAL STUDY

Given that NMN has shown high efficacy and benefits in various mouse models of human disease, several clinical trials of NMN have been conducted to investigate its clinical applicability (Table 2). This has led to some capsule formulations of NMN being approved and put on the market as health supplements (Poddar et al., 2019).


TABLE 2. Human clinical trials of NMN.

[image: Table 2]The first phase I human clinical study (UMIN000021309) for NMN has been initiated by an international collaborative team between Keio University School of Medicine in Tokyo and Washington University School of Medicine in St. Louis. The aim of this study is to examine the safety and bioavailability of NMN in human bodies. This research is led by Hiroshi Itoh, a professor of Endocrinology, Metabolism and Nephrology, Tokyo and Shin-ichiro Imai, a professor of Developmental Biology, at Washington University (Tsubota, 2016). Recently, they reported that a single oral administration of NMN up to 500 mg was safe and effectively metabolized in healthy subjects without causing severe adverse events. The major final metabolites of NMN were significantly increased in a dose-dependent manner by NMN administration. However, the team failed to detect NMN in plasma samples in this study. In a further study, they will detect the levels of NMN in plasma and NAD+ in peripheral blood mononuclear cells (Irie et al., 2019).

Itoh is also conducting a phase II study (UMIN000030609) to assess the safety of long-term NMN in healthy subjects, the kinetics of NMN and metabolites of NAM, and the effect of daily administration of NMN on glucose metabolism. Other clinical trials of NMN are ongoing at Washington University to examine the effect of NMN on insulin sensitivity, endothelial function, blood lipids, body fat and liver fat, and fat tissue and muscle tissue markers of cardiovascular and metabolic health. Additionally, a study (UMIN000025739) has been initiated at Hiroshima University, Institute of Biomedical and Health Sciences to evaluate the effect of long-term oral administration of NMN on various hormones in healthy volunteers. Recently, a new clinical study (UMIN000036321) was initiated at the University of Tokyo Hospital to evaluate the effect of NMN oral administration on the body composition in elderly persons.

In summary, despite the tremendous research efforts aimed at exploiting the therapeutic potential of NMN to treat metabolic and aging-related diseases, the clinical and toxicological evidence to support its utility is currently insufficient (Poddar et al., 2019). Thus, further research is needed to increase the prospects of developing drugs based on NMN.



PERSPECTIVE

Among various NAD+ precursors, NMN and NR seem to increase NAD levels more effectively than NAM in rodents (Rajman et al., 2018). Since NAM acts as a feedback inhibitor to suppress sirtuins and PARPs, the benefits of increase in NAD+ levels may be compromised (Bitterman et al., 2002). Additionally, because of the shorter resident time, high-dose administration, and some side effects of NAM, it was not the preferred choice compared with NMN and NR (Kawamura et al., 2016).

It is difficult to compare NMN with NR, both of which are subjected to first-pass metabolism and the quick conversion to other NAD+ intermediates before uptake in vivo (Frederick et al., 2016; Ratajczak et al., 2016). NR, instead of NMN, is unstable and quickly converted into NAM in murine plasma (Ratajczak et al., 2016). Some differences regarding the pharmacological effects of NMN and NR should be noted. As mentioned above, NMN improves cardiac function in a SIRT3-dependent manner in an FRDA cardiomyopathy model (Martin et al., 2017), whereas NR does not (Stram et al., 2017). Exploring the pharmacokinetics of NMN and NR in vivo could help determine the optimal concentration of them in different regions and facilitate understanding the mechanisms of their pharmacological actions. Head-to-head study should be performed to compare NMN and NR in the future.

Besides making a choice between NMN and NR, more precise data about the dosage and more detailed mechanism are needed. Some researches attempted to utilize novel methods to achieve integral understanding (Assiri et al., 2019; Kiss et al., 2020; Xie et al., 2020). In order to understand the complex NMN-related network changes, high-throughput methods are indispensable, such as methylation profiling, transcriptome, proteome, and metabolomics. In addition, the multifunctional role of NAD+ indicates that NAD+ might function in various organelles. It would be intriguing to decipher NAD+-related mechanism in subcellular compartment.

Further researches are compelling to reveal links between NAD+-related pathway and other disease-related pathway. More importantly, efficiency and safety should be precisely assessed in NMN clinical application.



CONCLUSION

NAD+ metabolism has been proven to be an essential part of biochemical reaction that acts as a link between various physiologic processes. During aging, weakened NAD+ biosynthesis and accelerated NAD+ consumption lead to dysfunction in multiple tissues. Depressed NAD+ levels disturb many biochemical processes, for instance, abnormal deacetylation activity of sirtuins. Downstream alterations of abnormal sirtuin activity include transcription pattern, mitochondrial permeability, mtROS production, and oxidative stress response. As an intermediate in NAD+ biosynthesis, NMN is a promising agent to reinforce NAD+ metabolism and alleviate age-related pathologic processes in vivo, which has promoted NMN to stage of clinical trial. More details of NAD+ metabolism pathway and applications of NMN are fascinating for further researches.
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Bergenin is a C-glucoside of 4-O-methyl gallic acid isolated from several medicinal plants and has multiple biological activities. The aim of this study was to assess the potential usefulness of bergenin in hyperuricemia. We found that bergenin reduced serum urate levels in hyperuricemia mice by promoting renal and gut uric acid excretion. Bergenin treatment increased Abcg2 expression both in the kidneys and intestine, while the expression of Slc2a9 was suppressed in the kidney and increased in the intestine. Moreover, bergenin induced ABCG2 expression in HK-2 and Caco-2 cells, as well as SLC2A9 in Caco-2 cells, via the activation of PPARγ. Nevertheless, bergenin suppressed SLC2A9 expression in HK-2 cells by inhibiting the nuclear translocation of p53. Furthermore, bergenin decreased the serum levels of IL-6, IL-1β, and TNF-α in hyperuricemia mice, and promoted a polarization shift from the M1 to M2 phenotype in RAW264.7 cells. In conclusion, these findings provide evidence supporting the further development of bergenin as a novel therapeutic strategy for hyperuricemia.
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INTRODUCTION

The global burden of gout remains substantial, and in many parts of the world, its incidence has increased over the past years (Kuo et al., 2015). In 2015–2016, the prevalence of hyperuricemia in the United States was 20.2% (22.8 million) in males and 20.0% (24.4 million) in females (Chen-Xu et al., 2019). Moreover, individuals with asymptomatic hyperuricemia are at high risk of developing a variety of diseases, including gouty arthritis, renal damage, hypertension, diabetes mellitus, and metabolic syndrome (Dalbeth et al., 2019). Recent evidence has shown a link between high urate exposure and an increased inflammatory capacity across several tissues and immune cell types (Joosten et al., 2020). Urate-lowering therapies (ULT), including xanthine oxidase inhibitors and uricosuric drugs, often cause severe side effects. Therefore, according to evidence-based international guidelines, such therapies are only recommended in people with established conditions, such as gout and kidney stones (Dalbeth et al., 2019; Joosten et al., 2020). Hence, the development of safe and effective hyperuricemia therapies remains an unmet clinical need.

Nowadays it has become clearly that altered urate transport, both in the gut and the kidneys, has a central role in the pathogenesis of hyperuricaemia and gout (Dalbeth et al., 2019). Furthermore, genome-wide association studies (GWAS) have identified numerous loci that are associated with hyperuricemia and gout (Kawamura et al., 2019; Nakatochi et al., 2019). Serum urate levels are primarily regulated by the activity of the four transporters solute carrier family 2, facilitated glucose transporter member (SLC2A9), solute carrier family 22 member 12(SLC22A12), solute carrier family 17 member 1 (SLC17A1), and ATP-binding cassette transporter, subfamily G, member 2 (ABCG2), in the kidneys, and of ABCG2 in the intestine (Nakayama et al., 2017).

Bergenin is the C-glucoside of 4-O-methyl gallic acid and can be found in several medicinal plants, including Bergenia crassifolia and Corylopsis spicata (Liang et al., 2017). Bergenin has been reported to have multiple biological activities, including antiarthritic (Jain et al., 2014; Singh et al., 2017), immunomodulatory (Wang et al., 2017; Kumar et al., 2019), antidiabetic (Veerapur et al., 2012), osteogenic (Hou et al., 2019), neuroprotective (Barai et al., 2019; Ji et al., 2019), and wound-healing effects (Mukherjee et al., 2013). Wang et al. (2017) showed that bergenin attenuated colitis by activating the peroxisome proliferator-activated receptor (PPAR) γ. Moreover, Veerapur et al. (2012) found that bergenin exerted the antidiabetic effect and could bind the PPAR ligand-binding domain. PPARγ regulates the expression of various genes by directly binding to peroxisome proliferator response elements (Mandard and Patsouris, 2013).

Although PPARγ has been reported to regulate the expression of ABCG2 (Szatmari et al., 2006; To and Tomlinson, 2013; Wang et al., 2016), the relevance of bergenin as a therapeutic agent for hyperuricemia remains unclear. The aim of this study was to explore the potential clinical usefulness of bergenin in hyperuricemia. To this end, we investigated the effects of bergenin on hyperuricemia in vitro and in vivo, as well as the potential biological mechanisms underlying these effects.



MATERIALS AND METHODS


Reagents and Antibodies

Bergenin (purity >99%) was purchased from JingZhu Biological Technology (Nanjing, China). Uric acid, allopurinol, yeast polysaccharide, and HEPES were purchased from Sigma-Aldrich (United States). Potassium oxonate (PO), rosiglitazone, GW9662, WR-1065, and Pifithrin-β were purchased from MedChemExpress (United States). Antibodies against acetylated-p53, p53 and PPARγ were obtained from Cell Signaling Technology (United States). Antibodies against Lamin A/C, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and β-actin were obtained from Santa Cruz Biotechnology (United States). Antibodies against SLC2A9 and ABCG2 were obtained from Novus (United States) and Abcam (United States), respectively. Penicillin/streptomycin and TRIzol reagent were purchased from Invitrogen Life Technologies (United States).



Animals

Male C57BL/6 mice (6–8 weeks old) were provided by the Academy of Medical Sciences of Zhejiang Province. Mice were given ad libitum access to food and water. All experiments were conducted in accordance with the Animal Care and Use Committee guidelines of Zhejiang province. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang University.

Control mice were fed a standard diet. To induce hyperuricemia, mice were given 25% yeast polysaccharide (YP) mixed in daily diet and intraperitoneal injected of PO (250 mg/kg) at 8:00 a.m. every day. Mice of the treatment group were subjected to intragastric administration of either of two concentrations (40 or 80 mg/kg) of bergenin, while the same volume of normal saline (NS) was used as a control. Intragastric administration of 25 mg/kg allopurinol was performed as a positive control (Figure 1).
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FIGURE 1. Schematic representation of the procedures followed to develop a hyperuricemia mouse model. Control mice were fed with a standard diet and were intraperitoneally injected with saline daily. To induce hyperuricemia, mice were fed with food supplemented with 25% yeast polysaccharide (YP) and were intraperitoneally injected with potassium oxonate (PO, 250 mg/kg) daily. Mice in the model group were subjected to intragastrical injections of saline daily. In the treatment groups, mice received intragastrical injections of different concentrations of bergenin. Mice in the positive control group were administered allopurinol (25 mg/kg) daily.




Measurement of Uric Acid and Creatinine in Serum and Urine

To measure the serum uric acid levels (SUA), we collected blood samples 2 h after treatment on days 0, 7, 14, and 21. The day before sacrificing, urine samples were collected from mice with metabolic changes within 24 h. Mice were sacrificed 2 h after the last treatment, and blood samples were collected. Uric acid and creatinine levels in serum and urine were determined using the phosphotungstic acid method and a Jaffe reaction kit, respectively (Nanjing Jiancheng Biological Technology Co., Ltd., China). Fractional excretion of urate (FEur) was calculated as per a previously reported method (Perez-Ruiz et al., 2002): FEur = (Uur Scr)/(Sur Ucr) × 100%. Sur, serum urate level; Scr, serum creatinine level; Uur, Urinary urate level; Uur, Urinary creatinine level.



Transintestinal Urate Transport Analysis

Intestinal urate excretion was determined according to a previously described method (Ichida et al., 2012). Briefly, after overnight fasting, mice were anesthetized with 2% isoflurane inhalation using an isoflurane delivery system 2 h after the last treatment. Subsequently, mice were cannulated with polyethylene tubing at the upper duodenum and middle jejunum, making an intestinal loop at the upper half of the intestine. The intestinal contents were slowly removed by saline and air. Efflux buffer (saline containing 0.3 mM PO) was added into the intestinal loop; the bugger was collected at the indicated time points, and urate concentrations were quantified. Intestinal urate excretion was calculated using the following equation: intestinal urate excretion = (urate concentration in the intestinal loop) × (volume of efflux buffer in the intestinal loop) (length of the whole small intestine/length of the intestinal loop). Urate concentration was determined using the QuantiChrom Uric Acid Assay Kit (Bioassay Systems, United States).



Histological Examination

After mice were sacrificed, kidney tissues were collected and cleaned, followed by fixation in 4% paraformaldehyde for at least 48 h at room temperature. Specimens were embedded in paraffin wax, and 3-mm thick sections were prepared. After mounting the sections onto polylysine-coated slides, hematoxylin and eosin, as well as Masson’s stainings were performed on consecutive tissue sections. Images were obtained using a microscope.



Xanthine Oxidase Activity Measurement

Xanthine oxidase (XO) activity in liver tissues was measured using a Xanthine Oxidase Activity Assay Kit (Sigma, United States) according to the manufacturer’s instructions. XO activity was determined by a coupled enzyme assay, which results in a colorimetric (570 nm) fluorometric product, which is proportional to the hydrogen peroxide generated. XO activity was expressed as nanomoles of uric acid per min per mg of total protein (mU/mg).



Cytokine Measurement

Blood samples were collected 2 h after the last treatment. The concentrations of IL-1β, TNFα, IL-6, IL-10, and IL-1Ra were determined using the respective ELISA kits (BOSTER, China for IL-1Ra and NEOBIOSCIENCE, China for the rest) according to the manufacturer’s instructions.



Cell Culture

HK-2, Caco-2, and RAW264.7 cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China). HK-2 cells were maintained in Dulbecco’s modified Eagle medium (DMEM)/F12 medium (Gibco, United States) containing 10% fetal bovine serum (FBS; Gibco, Australia). Caco-2 and RAW264.7 cells were cultured in high-glucose DMEM (Gibco, United States) supplemented with 10% FBS (Gibco, Australia). Cells were maintained in a humidified incubator containing 5% CO2 at 37°C.

Inhibitors were dissolved in DMSO or double-distilled water (ddH2O). Prior to treatments, we cultured cells overnight in serum-free medium to induce growth arrest. Cells were treated with bergenin and indicated inhibitors in a humidified incubator containing 5% CO2 at 37°C, with or without stimulation with soluble uric acid for an additional 12 h. The final concentrations and incubation times were as follow: rosiglitazone (30 μM, 2 h), GW9662 (10 μM, 2 h), WR-1065 (1 mM, 2 h), and Pifithrin-β (10 μM, 2 h). Following the addition of HEPES at a final concentration of 25 mM, cells were treated with uric acid or the solvent (10 mM NaOH). The solution was filtered through a 0.22-μm pore size filter (Millipore, Shanghai, China) before use.



CCK-8

The effect of bergenin on the viability of HK-2 and Caco-2 cells was evaluated using the CCK8 assay. Cells were treated with different concentrations of bergenin, followed by incubation with 10% CCK-8 (Dojindo, Kumamoto, Japan) in 100 μL of high-glucose serum-free DMEM for 4 h at 37°C. Absorbance at 450 nm was measured on a microplate reader (ELX808; BioTek, Winooski, VT, United States).



Extraction of Subcellular Fractions

For total protein extraction, cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with proteasome inhibitors (Beyotime, Shanghai, China).

Nuclear and cytoplasmic extracts were prepared using the NE-PER Nuclear Cytoplasmic Extraction Reagent Kit (Pierce, Rockford, IL, United States) according to the manufacturer’s instructions. Briefly, cells were washed in PBS. Ice-cold CER I buffer was added to the cell pellet and vortexed vigorously for 15 s. After a 10-min incubation on ice, ice-cold CER II buffer was added to the cells. Samples were incubated on ice for 1 min, followed by centrifugation for 5 min at 16,000 × g. Subsequently, the supernatant containing the cytoplasmic extract was immediately transferred to a pre-chilled tube.



Western Blot Analysis

Equal amounts of protein were separated by 8–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes (Millipore). Membranes were blocked in 5% non-fat dry milk for 2 h at room temperature, followed by overnight incubation at 4°C with the appropriate primary antibody: GAPDH (1:2000), ABCG2 (1:1000), SLC2A9 (1:1000), PPARγ (1:1000), p53 (1:1000), acetylated-p53, β-actin (1:1000), or Lamin A/C (1:1000). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit or goat anti-mouse IgG (1:5000; Cell Signaling Technology) secondary antibody was applied for 1 h at room temperature. Membranes were covered with enhanced chemiluminescence solution (Millipore) and exposed to film. Signal intensity was measured using the Bio-Rad XRS chemiluminescence detection system (Bio-Rad, Hercules, CA, United States).



Immunofluorescence

HK-2 and Caco-2 cells were seeded onto 24-well plates. After treatment, cells were fixed in 4% paraformaldehyde for 15 min, washed with PBS, and permeabilized with or without 0.1% Triton X-100 (Beyotime) for 30 min. After blocking in 10% goat serum for 60 min, slides were incubated with a rabbit p53 antibody (1:200) overnight at 4°C. Samples were then incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody (Invitrogen) for 2 h, and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma, United States). Samples were observed under a fluorescence microscope (Leica, Solms, Germany).



Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated using TRIzol reagent (Invitrogen) and quantified by measuring the absorbance at 260 nm (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA, United States). Complementary single-stranded DNA was synthesized from total RNA by reverse transcription (PrimerScript RT Master Mix, TaKaRa, Kyoto, Japan). RT-qPCR reactions were prepared using the SYBR Premix Ex Taq Kit (TaKaRa) in a total volume of 20 μL. All reactions were prepared in duplicates and were run on an ABI StepOnePlus System (Applied Biosystems, Warrington, United Kingdom). The PCR temperature cycling conditions were as follows: 95°C for 30 s followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. Relative gene expression was analyzed using the 2–ΔΔCt method. The primer sequences used are provided in Supplementary Table S1.



Transfection of Cells With Small Interfering RNA (siRNA)

Cells were seeded onto 6-well plates and cultured overnight in DMEM/F12 or DMEM without FBS and antibiotics. siRNA transfections were carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Briefly, 10 μL of siRNA and 5 μL of Lipofectamine 2000 reagent were combined in a total of 300 μL of Opti-MEM I (Gibco, Invitrogen). Thereafter, 700 μL of Opti-MEM I was added to the mixture, and the mixture was added to each well. After incubation for 6 h, fresh DMEM or DMEM/F12 containing 10% FBS was added to each well. Cells were incubated for an additional 48–72 h. PPAR-γ siRNAs and the negative control siRNAs were purchased from GenePharma (Shanghai, China).



Luciferase Reporter Assay

Cells were transfected with luciferase reporter constructs PPARγ-Luc (Promega, United States) or p53-Luc (Promega, United States) as previously described (Ye et al., 2019). Cells were then treated with uric acid (UA, 8 mg/dL) and/or bergenin for 12 h. Subsequently, luciferase activity was measured using a luciferase assay system (Promega, United States).



Statistical Analysis

Statistical analysis was performed using the SPSS statistical software for Windows, version 19.0 (IBM, Armonk, NY, United States). All experiments were performed at least in triplicate, and the data were expressed as mean ± standard error of the mean (SEM). Statistical significance was determined using one-way analysis of variance (ANOVA) followed by Fisher’s Least Significant Difference (LSD) test when comparing more than two groups. P values ≤ 0.05 were considered statistically significant. The correlation between variables was evaluated by the Pearson correlation test. Two-sided P values < 0.05 were considered statistically significant.



RESULTS


Bergenin Ameliorates Hyperuricemia in Mice Treated With Potassium Oxonate (PO) and Yeast Polysaccharide (YP)

The procedure followed to develop a hyperuricemia mouse model is illustrated in Figure 1. Compared with control mice, SUA levels were significantly higher in hyperuricemia mice after day 7, and remained elevated between day 14 (407.41 ± 79.09 μmol/L vs. 194.07 ± 25.85 μmol/L; P < 0.01) and day 21 (439.39 ± 48.11 μmol/L vs. 220.60 ± 35.28 μmol/L; P < 0.01). SUA elevation was suppressed by bergenin (80 mg/kg) and allopurinol administration. While bergenin at 80 mg/kg profoundly decreased SUA levels (253.18 ± 31.74 μmol/L) compared to hyperuricemia mice, no significant difference was observed at day 21 after administration of 40 mg/kg bergenin (397.39 ± 52.69 μmol/L; Figure 2A). This finding suggests that the effects of bergenin are dose-dependent to some degree. It is worth noting that SUA level of the Bergenin (80 mg/kg) group stabilized at baseline levels from day 1 to day 21. As expected, SUA levels were significantly lower in allopurinol-treated mice (positive control) compared with control mice. No significant differences in SUA levels were observed between the mice in the bergenin (80 mg/kg) group and the allopurinol group.
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FIGURE 2. Effects of bergenin on hyperuricemia in mice treated with PO and YP. (A–E) Serum uric acid (SUA) levels (A), serum creatinine levels (Scr; n = 10) (B), fractional excretion of urate (FEur) (n = 6) (C), time course of intestinal urate excretion (n = 3) (D), and hepatic xanthine oxidase (XO) activity (E) in the different groups. Data are presented as mean ± SEM. *P < 0.05 and **P < 0.01, compared to the control group; #P < 0.05 and ##P < 0.01, compared to the model group. (F) Histopathological analysis of kidney tissues after H&E and Masson’s staining (magnification, ×200). Scale bar = 200 μm Degeneration and necrosis in renal tubular epithelial cells are indicated by black arrows.


Scr, FEur, intestinal urate excretion rate, and hepatic XO activity were assessed at day 21. Scr levels were higher in hyperuricemia mice compared with control mice; however, the difference did not reach statistical significance (P > 0.05) (Figure 2B). In hyperuricemic mice, FEur was decreased; bergenin (40 mg/kg, 80 mg/kg) treatment rescued FEur. Furthermore, urate excretion from the intestine was significantly increased in mice treated with bergenin (80 mg/kg) compared with hyperuricemic mice (P < 0.01; Figure 2D). While allopurinol reduced hepatic XO activity (P < 0.01), it did not affect uric acid excretion in the kidneys and intestine (P > 0.05) compared with hyperuricemia mice (Figures 2C–E). Additionally, bergenin had no effect on XO activity in liver and jejunum (Figure 2E, Supplementary Figure S1).

Histological analysis revealed that the ultrastructure of the kidneys was intact in mice treated with PO and YP. Compared with control mice, degeneration and necrosis were observed in tubular epithelial cells of hyperuricemic mice (Figure 2F). Bergenin (80 mg/kg) and allopurinol treatment ameliorated PO- and YP-induced pathological lesions. No histological changes were observed in the intestine of hyperuricemic or bergenin-treated mice (Supplementary Figure S2).



Bergenin Regulates the Expression of Urate Transporters in the Kidney

To determine the effects of bergenin on uric acid excretion in the kidneys, we analyzed the expression of urate transporters involved in urate export and reuptake in the kidney. We found no significant differences in the mRNA levels of the genes encoding urate transporter 1 (Urat1) and PDZ domain-containing 1 (Pdzk1) among the different groups (P > 0.05; Figure 3A). Abcg2 expression was lower in hyperuricemic mice compared with control mice; nevertheless, its expression in hyperuricemic mice was rescued by bergenin (40 mg/kg, 80 mg/kg) treatment, both at the mRNA and protein levels (P < 0.01) (Figures 3A,E). Bergenin at 80 mg/kg and 40 mg/kg resulted in 2-fold and 1.5-fold increases in Abcg2 mRNA levels, respectively.
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FIGURE 3. Effects of bergenin on urate transporters in the kidney and intestine. (A) Relative mRNA levels of ABCG2, SLC2A9, URAT1, and PDZK1 in the kidneys determined by RT-PCR. (B–D) Relative mRNA levels of ABCG2, SLC2A9, PDZK1, and SLC17A3 in the colon (B), ileum (C), and jejunum (D) determined by RT-PCR. (E–H) Representative western blot analysis showing ABCG2, SLC2A9, and PPARγ protein levels in the kidneys (E), colon (F), ileum (G), and jejunum (H), and quantitative analysis of the band intensities. Protein levels were normalized to GAPDH. Data are presented as mean ± SEM. *P < 0.05 and **P < 0.01, compared to the control group; #P < 0.05 and ##P < 0.01 compared to the model group; n = 4–6.


In contrast, Slc2a9 expression was higher in hyperuricemic mice compared with control mice, and bergenin (80 mg/kg) suppressed Slc2a9 expression, which was evident both at the mRNA and protein levels (P < 0.01). Although bergenin treatment (40 mg/kg) decreased SLC2A9 protein levels (P < 0.05, compared to the model group), no difference was observed at the mRNA level (Figures 3A,E). Hyperuricemic mice exhibited a reduction in PPARγ expression (P < 0.01, compared to control mice), PPARγ expression was restored by bergenin (40 mg/kg, 80 mg/kg; Figure 3E).



Bergenin Regulates the Expression of Urate Transporters in the Intestine

RT-qPCR analyses revealed no significant differences in the expression of Pdzk1 and solute carrier family 17 member 3 (Slc17a3) in the intestine among the groups (P > 0.05; Figures 3B–D). In the colon, bergenin (40 mg/kg, 80 mg/kg) significantly increased Abcg2 mRNA and protein levels (Figures 3B,F). Hyperuricemic mice had lower Abcg2 mRNA and protein levels compared with the control group, which were restored by bergenin (40 mg/kg, 80 mg/kg) treatment (Figures 3C,G). In the jejunum, the expression of Abcg2 was increased in hyperuricemic mice, and its expression was elevated by bergenin in a dose-dependent manner, both at the mRNA and protein levels (Figures 3D,H). These RT-qPCR and western blot findings were also confirmed by immunofluorescence (Supplementary Figure S3).

Compared to control mice, hyperuricemic mice exhibited decreased expression of Slc2a9 in the ileum and jejunum, both at the mRNA and protein levels (P < 0.01). Administration of bergenin significantly restored Slc2a9 expression in the ileum and jejunum (Figures 3C,D,G,H). The mRNA levels of Slc2a9 were increased by approximately 2-fold and 4-fold after administration of bergenin at 40 and 80 mg/kg, respectively, suggesting a dose-dependent effect. On the other hand, RT-qPCR and western blot analyses showed no changes in Slc2a9 expression in the colon (Figures 3B,F). SLC2A9 expression in intestine was further confirmed by immunofluorescence (Supplementary Figure S3).

PPARγ was expressed at lower levels in the ileum and jejunum of hyperuricemic mice (P < 0.01, compared with control mice), but not in the colon. Bergenin treatment enhanced PPARγ expression in a dose-dependent manner (Figures 3F–H).



Bergenin Reduces Pro-inflammatory Cytokine Serum Levels

Several studies suggested that hyperuricemia and soluble uric acid levels are associated with systemic inflammation (Joosten et al., 2020). Therefore, we investigated the effects of bergenin on the serum levels of several inflammatory cytokines. IL-1β, TNF-α, and IL-6 serum levels were significantly increased in hyperuricemic mice; bergenin treatment reduced the serum levels of these cytokines. Notably, bergenin at 80 mg/kg reduced the serum levels of IL-1β, TNF-α, and IL-6 by 16%, 25%, and 57%, respectively (Figures 4A,C,E). In contrast, no significant difference was observed in the serum levels of IL-1Ra or IL-18 (Figures 4G,I). Additionally, SUA levels were positively correlated with IL-1β, TNF-α and IL-6 serum levels and were negatively correlated with those of IL-1Ra (Figures 4B,D,F,H). No correlation between SUA and IL-18 (Figure 4J).
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FIGURE 4. Effects of bergenin on the serum levels of inflammatory cytokines. Serum levels of IL-1β (A), TNF-α (C), IL-6 (E), IL-1Ra (G), and IL-18 (I) were measured by ELISA. Data are presented as mean ± SEM. *P < 0.05 and **P < 0.01; n = 10. Correlation analysis between SUA levels and serum levels of the pro-inflammatory cytokines IL-1β (B), TNF-α (D), IL-6 (F), IL-1Ra (H), and IL-18 (J). (K) mRNA levels of IL-10, Arg-1, TNF-α, and iNOS in RAW-264.7 cells. Data are presented as mean ± SEM. *P < 0.05 and **P < 0.01.


To gain further insight into the effects of bergenin on inflammatory responses, we treated RAW267.4 cells with UA (8 mg/dL) or bergenin (50 μM). Exposure to UA polarized RAW267.4 cells toward an inflammatory (M1) phenotype with upregulation of inducible nitric oxide synthase (iNos) and downregulation of Il-10. In contrast, bergenin treatment polarized RAW267.4 cells toward an anti-inflammatory (M2) phenotype, with high expression of Arginase-1 (Arg-1), Il-10, and CD206 and low expression of Tnf-α and iNos. RAW267.4 cells pretreated with bergenin prior to UA exposure acquired an M2 phenotype, with increased Arg-1, Il-10, and CD206 expression and low Tnf-α and iNos expression (Figure 4K).



Bergenin in vitro Treatment Regulates the Expression of ABCG2 and SLC2A9 in HK-2 Human Renal Proximal Tubular Epithelial Cells

We found that bergenin at 10–100 μM did not affect the viability of HK-2 cells (Figure 5A). Hence, we pretreated HK-2 cells with 10, 30, 50, or 100 μM bergenin for 2 h, followed by treatment with 8 mg/dL UA for 10 h. UA decreased ABCG2 expression at the mRNA and protein level (P < 0.05, compared to the control group). UA-mediated ABCG2 downregulation was rescued by bergenin treatment (50 and 100 μM). In contrast, SLC2A9 mRNA and protein levels were increased after UA treatment (P < 0.05, compared to the control group). Pretreatment with bergenin (50 and 100 μM) suppressed UA-induced SLC2A9 upregulation (Figures 5B,C); however, lower concentrations of bergenin did not affect SLC2A9 expression. No significant increase was observed in ABCG2 and SLC2A9 expression in cells treated with 30 μM bergenin alone (Figures 5B,C).
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FIGURE 5. Bergenin regulates the expression of ABCG2 and SLC2A9 in HK-2 cell lines. (A) HK-2 cell lines were treated with bergenin (10, 30, 50, or 100 μM) for 12 h, and cell viability was determined by the CCK8 assay. (B) HK-2 cell lines were pretreated with bergenin (0, 30, 50, or 100 μM) for 2 h, followed by treatment with 8 mg/dL uric acid (UA) for 10 h. Relative mRNA levels of ABCG2 and SLC2A9 were determined by RT-qPCR. (C) Representative western blot showing ABCG2, SLC2A9, and PPARγ protein levels. Protein levels were normalized to GAPDH. (D) Transcriptional activity of PPARγ, as determined by luciferase assay. (E) Cells were transfected with PPARγ siRNA or scrambled siRNA for 48 h. Cells were then pretreated with or without 50 μM bergenin for 2 h, followed by exposure to 8 mg/dL UA for another 10 h. Relative mRNA levels of ABCG2, SLC2A9, and PPARγ were determined by RT-qPCR. (F) Representative western blot showing ABCG2, SLC2A9, and PPARγ protein levels. Protein levels were normalized to GAPDH. (G) Cells were pretreated with bergenin (50 μM) or rosiglitazone (PPARγ agonist) for 2 h, followed treatment with 8 mg/dL UA for another 10 h, with or without GW9662 (PPARγ inhibitor). ABCG2, SLC2A9, and PPARγ protein levels were determined by western blotting. Protein levels were normalized to GAPDH. (H) Total p53 and acetylated p53 levels were measured by western blot analysis. Protein levels were normalized to GAPDH. Cytoplasmic and nuclear extracts were prepared for western blot analyses. Cytoplasmic protein levels were normalized to GAPDH, whereas nuclear protein levels were normalized to Lamin A/C. (I) Representative immunofluorescence images (magnification, ×400) showing p53 expression (green). Nuclei were stained with DAPI (blue). Scale bar = 50 μm. (J) Transcriptional activity of p53, as determined by luciferase assay. (K) Cells were pretreated with bergenin (50 μM) or the p53 inhibitor Pifithrin-β (PFT-β) for 2 h, followed by treatment with 8 mg/dL UA for another 10 h, with or without WR-1065 (p53 agonist). ABCG2, SLC2A9, and p53 protein levels were determined by western blot analysis. Protein levels were normalized to GAPDH. Data are presented as mean ± SEM. *P < 0.05 and **P < 0.01, n = 3.




Bergenin Promotes ABCG2 Expression by Activating PPARγ in HK-2 Cells

Luciferase reporter assays revealed that UA significantly reduced the expression and transcriptional activity of PPARγ, both of which were restored by bergenin (Figures 5C,D). siRNA-mediated PPARγ silencing decreased the mRNA and protein levels of ABCG2. Moreover, bergenin treatment failed to enhance ABCG2 expression after PPARγ knockdown. PPARγ silencing did not affect the expression of SLC2A9, regardless of the presence of bergenin (Figures 5E,F).

Similarly to bergenin, pretreatment of HK-2 cells with the PPARγ agonist rosiglitazone before stimulation with UA increased the expression of PPARγ and ABCG2. In contrast, pretreatment with the PPARγ antagonist GW9662 enhanced the UA-mediated downregulation of PPARγ and ABCG2 (Figure 5G). Additionally, bergenin failed to restore ABCG2 expression in cells treated with GW9662 and UA (Figure 5G). These results suggest that bergenin regulates the expression of ABCG2 by activating PPARγ.



Bergenin Reduces SLC2A9 Expression by Diminishing Nuclear Translocation of p53 in HK-2 Cells

As the previous research indicated SLC2A9 was a direct target gene of p53 (Itahana et al., 2015), we next investigated the effects of bergenin and UA on p53 signaling. Although bergenin and UA had no effects in the total p53 and acetylated p53 levels (Figure 5H), UA significantly decreased p53 levels in the cytoplasm and increased its levels in the nucleus. These results suggest that UA promotes p53 protein translocation from the cytoplasm to the nucleus. Interestingly, bergenin suppressed nuclear translocation of p53 (Figure 5H). Immunofluorescence and luciferase reporter analyses confirmed these results (Figures 5I,J).

Pifithrin-β (PFT-β), a potent p53 inhibitor, significantly suppressed the UA-induced SLC2A9 upregulation. On the other hand, the p53 agonist WR-1065 reinforced SLC2A9 upregulation. Bergenin treatment failed to suppress SLC2A9 expression in HK-2 cells treated with WR-1065 and UA (Figure 5K).



Bergenin in vitro Treatment Promotes the Expression of ABCG2 and SLC2A9 in Intestinal Epithelial Cells

We next used Caco-2 cells as an in vitro model of human intestinal epithelial cells to examine the effects of bergenin on intestinal urate transporters. We found that treatment with bergenin at 10–100 μM for 12 h had no effects on the viability of Caco-2 cells (Figure 6A). We then pretreated Caco-2 cells with bergenin for 2 h, followed by treatment with UA at 8 mg/dL for 10 h. UA increased ABCG2 mRNA and protein levels and downregulated SLC2A9 levels. Treatment with bergenin alone increased the protein levels of ABCG2 and SLC2A9. Compared to cells treated with UA alone, ABCG2 and SLC2A9 were significantly upregulated when cells were treated with UA and 100 μM bergenin (P < 0.01) (Figures 6B,C).
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FIGURE 6. Bergenin regulates the expression of ABCG2 and SLC2A9 in Caco-2 cell lines. (A) Cells were treated with bergenin (10, 30, 50, and 100 μM) for 12 h, and cell viability was determined by the CCK8 assay. (B) Caco-2 cells were pretreated with 0, 30, 50, or 100 μM bergenin for 2 h, followed by treatment with 8 mg/dL UA for 10 h. Relative mRNA levels of ABCG2, and SLC2A9, as determined by RT-qPCR. (C) Representative western blots showing ABCG2, SLC2A9, and PPARγ protein levels. Protein levels were normalized to GAPDH. (D) Transcriptional activity of PPARγ, as determined by luciferase assays. (E) Cells were transfected with PPARγ siRNA or scrambled siRNA for 48 h. Cells were then pretreated with or without 100 μM bergenin for 2 h, followed by incubation with 8 mg/dL UA for another 10 h. Relative mRNA levels of ABCG2, SLC2A9, and PPARγ, as determined by RT-qPCR. (F) Representative western blots showing ABCG2, SLC2A9, and PPARγ protein levels. Protein levels were normalized to GAPDH. (G) Cells were pretreated with bergenin (100 μM) or rosiglitazone (PPARγ agonist) for 2 h followed by incubation with 8 mg/dL UA for another 10 h, with or without GW9662 (PPARγ inhibitor). ABCG2, SLC2A9, and PPARγ protein levels were determined by western blotting. Protein levels were normalized to GAPDH. ()H Total p53 and acetylated p53 levels were determined by western blot analysis. Protein levels were normalized to GAPDH. (I) Representative immunofluorescence images (magnification, ×400) showing p53 expression (green). Nuclei were stained with DAPI (blue). Scale bar = 50 μm.




Bergenin Promotes ABCG2 and SLC2A9 Expression by Activating PPARγ in Caco-2 Cells

Similar to HK-2 cells, UA significantly inhibited PPARγ activity in Caco-2 cells, which was restored by bergenin (Figures 6C,D). Interestingly, siRNA-mediated PPARγ silencing reduced the expression of both ABCG2 and SLC2A9. In addition, bergenin treatment failed to enhance ABCG2 and SLC2A9 expression after PPARγ silencing (Figures 6E,F). PPARγ activation by rosiglitazone significantly enhanced the UA-mediated ABCG2 and SLC2A9 upregulation (P < 0.01). In contrast, pretreatment with GW9662 enhanced the UA-mediated downregulation of PPARγ, ABCG2, and SLC2A9. Furthermore, bergenin failed to restore ABCG2 and SLC2A9 expression in cells treated with GW9662 and UA (Figure 6G).



Bergenin Does Not Affect the p53 Signaling Pathway in Caco-2 Cells

Bergenin treatment did not alter the total p53 and acetylated p53 levels in Caco-2 cells (Figure 6H). Additionally, immunofluorescence analyses indicated that bergenin did not promote nuclear translocation of p53 (Figure 6I).



DISCUSSION

As serum urate levels are associated with the development of gout, interventions that reduce serum urate concentrations have been investigated for their potential to prevent gout (Dalbeth et al., 2019). In this study, we assessed the effect of bergenin on hyperuricemia using a mouse model. We showed for the first time that bergenin has uricosuric properties, reducing serum urate levels in hyperuricemic mice. We also provided evidence that its urate-lowering effects are mediated by increasing Abcg2 expression in the kidneys and intestine, as well as Slc2a9 downregulation in the kidneys. Furthermore, we demonstrated that bergenin downregulates IL-6, IL-1β, and TNF-α serum levels in hyperuricemic mice and polarizes RAW264.7 cells toward an M2 phenotype.

ABCG2 is a high-capacity urate exporter expressed in the intestine and kidneys, and ABCG2 dysfunction strongly increases serum urate levels and the risk of gout development (Ichida et al., 2012; Dalbeth et al., 2019). In this study, we found that although Abcg2 expression was increased in the jejunum, its levels were decreased in the kidneys and ileum of hyperuricemic mice. After treatment with bergenin, Abcg2 was significantly upregulated in the kidneys, jejunum, ileum, and colon, enhancing renal and intestine urate excretion. These findings may partly explain the anti-hyperuricemic effects of bergenin. PPARγ is a ligand-regulated transcription factor involved in various pathophysiological processes, including metabolism, inflammatory responses, and tumorigenesis (Berger and Moller, 2002; Mandard and Patsouris, 2013). Herein, we showed that PPARγ expression was decreased under high-UA conditions both in vitro and in vivo. Importantly, bergenin restored ABCG2 expression by activating PPARγ. These findings suggest that PPARγ enhances ABCG2 expression, which is consistent with previous studies (Szatmari et al., 2006; Wang et al., 2016). It is noteworthy that in Caco-2 cells, although PPARγ was decreased after treatment with UA, ABCG2 expression was upregulated. This could be explained by the fact that UA is not a specific PPARγ antagonist. In a previous study, we showed that soluble UA induced ABCG2 expression in Caco-2 cells via the TLR4-NLRP3 inflammasome and PI3K/Akt signaling pathways (Chen et al., 2018). Additionally, the ABCG2 is the only associated locus with the early onset and/or a family history (Stiburkova et al., 2019). And it has been reported (Roberts et al., 2017) ABCG2 rs2231142 predicts a poor response to first-line ULT, allopurinol. We will verify the impact of bergenin in the case of ABCG2 variants with reduced function in the future.

SLC2A9 is widely expressed, including in the liver, kidneys, intestine, brain, placenta, lungs, and peripheral leucocytes (Phay et al., 2000; DeBosch et al., 2014). In kidneys, SLC2A9 is responsible for reabsorption of urate at the basolateral membrane in the proximal renal tubule (Dinour et al., 2010). Herein, we demonstrated that bergenin decreased SLC2A9 expression by inhibiting the nuclear translocation of p53, which indicated that bergenin might not only have effect on urate excretion, but also urate reabsorption in the kidneys. Consistently, Itahana et al. (2015) showed that SLC2A9 was a direct target gene of the tumor suppressor p53. Interestingly, we found no association between SLC2A9 and p53 levels in Caco-2 cells. Caco-2 is a well-characterized human colon adenocarcinoma cell line widely used to investigate mechanisms of drug absorption or characterize intestinal transporters. Caco-2 cells harbor p53 mutations (Lee et al., 2008; Sun et al., 2008), which is a limitation of using this cell line model to assess the relevance of p53 pathway in the anti-hyperuricemic effects of bergenin. In addition to the liver and kidneys, SLC2A9 is also expressed on the apical and basolateral gut enterocyte membranes in mice (Lu et al., 2019). Gut enterocyte-specific Slc2a9-knockout mice exhibited increased serum urate levels with impaired enterocyte urate transport kinetics. Moreover, these mice developed early onset metabolic syndromes, including hypertension, dyslipidemia, and hyperinsulinemia, suggesting a role of Slc2a9 in regulating enterocyte urate clearance (DeBosch et al., 2014). The upregulation of Slc2a9 in the jejunum and ileum reported herein could have contributed to increased urate excretion from the intestine observed after bergenin treatment.

We also detected the xanthine oxidase activity in ileum and jejunum besides livers. The xanthine oxidase activity was almost undetectable in the ileum. No significant difference were found in the jejunum among the groups (Supplementary Figure S1B). However, Yoon et al. (2016) have shown in vivo XO inhibitory and antihyperuricemic effects of Corylopsis coreana Uyeki, containing and identified bergenin as one of constituents. As a herbal medicine, Corylopsis coreana Uyeki might also include some other constituents responsible for the XO inhibitory activity. Synergizing action of a combination of several active components may be another possibility.

The crosstalk between PPARγ and SIRT1 plays an important role in the regulation of metabolism and inflammation (Han et al., 2010; Chou et al., 2017). Furthermore, p53 acetylation at Lys382, the primary target site of SIRT1, increases the ability of p53 to activate transcription (Feng et al., 2015; Nakamura et al., 2017). Therefore, we used siRNAs targeting SIRT1 to explore the interaction. SIRT1 silencing did not affect the expression of PPARγ, ABCG2, or SLC2A9 in HK-2 and Caco-2 cells, regardless of exposure to bergenin (Supplementary Figure S4).

Increasing evidence suggests that not only crystalline urate, but soluble urate could promote metabolic inflammation, activate innate immunity, and trigger epigenetic alterations that amplify pro-inflammatory responses (Crişan et al., 2017; Joosten et al., 2020). Studies in patients with asymptomatic hyperuricemia have shown that increased serum urate concentrations are associated with inflammatory responses, including increased IL-6, IL-1β, TNF-α, and IL-18 levels and decreased IL-1Ra and IL-10 levels (Crisan et al., 2016; Crişan et al., 2017). Kim et al. (2015) reported that hyperuricemia induced NLRP3 activation in macrophages, accelerated macrophage recruitment, and promoted M1 phenotype polarization, contributing to diabetic nephropathy progression. These findings suggest that in addition to urate-lowering therapies, immunomodulatory therapies may also be helpful in hyperuricemia treatment. Bergenin is a plant-derived compound with well-documented anti-inflammatory properties (Veerapur et al., 2012). Notably, bergenin inhibited collagen-induced arthritis and ameliorated experimental colitis in mice by reducing the serum levels of IL-2, IL-6, and TNF-α (Jain et al., 2014; Wang et al., 2017; Lopes de Oliveira et al., 2019). In this study, we found that the serum levels of IL-1β, TNF-α, and IL-6 were increased in hyperuricemic mice and positively correlated with SUA. Bergenin treatment reduced the serum levels of IL-1β, TNF-α, and IL-6 in hyperuricemic mice.

M1 macrophages are characterized by TNF-α and iNOS expression and mediate tissue damage and initiate inflammatory responses by secreting high levels of various pro-inflammatory cytokines, including IL-1α, TNF-α, and IL-1β (Shapouri-Moghaddam et al., 2018). To protect against excessive tissue damage and inflammation, macrophages can acquire an M2 phenotype, expressing several anti-inflammatory molecules, such as IL-10 and IL-1Ra (Shapouri-Moghaddam et al., 2018). In this study, we showed that bergenin treatment in vitro induced Il-10, CD206 and Arg-1 expression in macrophages while decreasing Tnf-α and iNos expression at the same time, suggesting a shift from the M1 to M2 phenotype. M2 polarization in macrophages after bergenin treatment can, therefore, be one of the mechanisms responsible for the anti-inflammatory effects of bergenin reported in previous studies. Nevertheless, the in-depth mechanisms involved in the inflammatory effects of bergenin in hyperuricemia need further investigation.



CONCLUSION

In summary (Figure 7), these findings indicated that bergenin not only can promote renal and gut uric acid excretion via regulating the expression of ABCG2 and SLC2A9 but also attenuate inflammation and induce a macrophage polarization shift from the M1 phenotype to M2. Thus, bergenin is a promising candidate as a novel therapeutic strategy for hyperuricemia, either for supplement of the existing ULT or potential intervention in metabolic inflammation.
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FIGURE 7. The mechanisms underlying the anti-hyperuricemic effects of bergenin. Bergenin promotes ABCG2 expression in the kidneys and intestine, as well as SLC2A9 expression in the intestine, by activating PPARγ. Moreover, bergenin suppresses SLC2A9 expression in the kidneys by preventing nuclear translocation of p53. Hence the uricosuric and anti-hyperuricemic properties of bergenin are facilitated by uric acid excretion in the kidneys and the gut.
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Cardiovascular disease (CVD) causes high morbidity and mortality worldwide. Accumulating research has indicated the possible roles played by circular RNAs (circRNAs) in the pathogenesis of CVD. CircRNAs are non-coding RNAs with covalently closed loop structures. CircRNAs can function by acting as miRNA sponges, RNA binding protein sponges, mRNA transcriptional regulators and templates for protein translation. The specific characteristics of circRNAs such as high stability, abundant distribution, and tissue- and developmental stage-specific expression make them potential biomarkers for the diagnosis and prognosis of CVD. In this paper, we systematically summarized the current knowledge regarding the biogenesis, biological properties and the action mechanisms of circRNAs, elucidated the roles played by circRNAs in the pathogenesis of CVD, and explored the diagnostic potential of circRNAs in CVD. With in-depth studies, an increasing number of molecular mechanisms underlying the participation of circRNAs in CVD may be elucidated, and the application of circRNAs in the clinical diagnosis and prevention of CVD may eventually be realized.
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INTRODUCTION

Cardiovascular disease (CVD) is one of the leading causes of morbidity and mortality worldwide. In recent decades, scientists have made considerable progress in the diagnosis and treatment of CVD. However, the increasing tendency of the mortality rate of CVD has not been stopped to date. Therefore, novel and effective strategies for the diagnostic and therapeutic interventions of CVD are strongly warranted. A growing number of studies have determined that non-coding RNAs, such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), participate in the pathological processes of CVD and can serve as biological markers in diagnosis, prognosis and clinical treatment (Yang et al., 2016; Zhang L. et al., 2018, 2020). In the last several years, circular RNAs (circRNAs) have also been reported to be associated with CVD.

CircRNAs are covalently closed loop structures with no 5′ cap and 3′ polyadenylated tail. CircRNAs were first identified in plant viruses (Kolakofsky, 1976) and were thought to have no function or very limited function (Nigro et al., 1991; Cocquerelle et al., 1992; Capel et al., 1993). Subsequently, the existence of circRNAs has also been reported in many organisms, such as yeast (Schroeder et al., 1983) and humans (Cocquerelle et al., 1993). The rapid development of prediction, detection and screening technologies for circRNAs facilitates the discovery of different types of circRNAs. Studies have reported that circRNAs might participate in the regulation of physiological and pathological processes of different kinds of CVD (Fan et al., 2017; Lim et al., 2020), such as myocardial infarction (MI) (Geng et al., 2016; Cai et al., 2019), cardiac senescence (Du et al., 2016; Chen et al., 2018) and coronary artery disease (CAD) (Holdt et al., 2016; Dang et al., 2017; Shan et al., 2017). CircRNAs have a variety of characteristics, including high stability, tissue-and developmental-specific expression, and the altered expression in the pathological and normal conditions of various diseases (Werfel et al., 2016; Siede et al., 2017; Gupta et al., 2018). Due to these characteristics, circRNAs exhibit considerable potential as biomarkers for the detection of CVD from human blood samples (Vausort et al., 2016; Zhao et al., 2017). In this paper, we will summarize the available knowledge on the biogenesis of circRNAs, the functions of circRNAs, the roles of circRNAs in CVD and the diagnostic potential of circRNAs in CVD.



BIOGENESIS OF CircRNAs

CircRNAs are divided into three categories: exonic circRNAs (ecircRNAs or ecRNAs) (Zhang et al., 2014), circular intronic RNAs (ciRNAs) (Zhang et al., 2013) and exon–intron circRNAs (EIciRNAs) (Li et al., 2015). CircRNAs are generated from pre-mRNAs through backsplicing. Four mechanisms of circRNA formation have been revealed. The 5′ end of the intron (splice donor site, GU) and the 3′ end of the intron (splice acceptor site, AG) can be covalently bound to generate an exon-containing lariat, which will be internally spliced thereafter to form an exonic circle (Jeck et al., 2013; Jeck and Sharpless, 2014) (Figure 1A). The RNA base motifs (e.g., Alu repeats) in the introns of pre-mRNA can pair with the complementary sequences (Jeck et al., 2013; Zhang et al., 2014), and direct cyclization subsequently occurs to generate ecRNAs (introns removed) or EIciRNAs (introns retained) (Jeck et al., 2013) (Figure 1B). In the introns, the C-rich element close to the branch and the GU-rich element close to the 5′ splice site can bind together, and then the other exons and introns are removed by the spliceosome to form ciRNAs (Zhang et al., 2013) (Figure 1C). The bridging of RNA binding proteins (RBPs) with pre-mRNAs has also been elaborated to facilitate the production of circRNAs (ecRNAs or EIciRNAs) (Ashwal-Fluss et al., 2014; Conn et al., 2015) (Figure 1D).


[image: image]

FIGURE 1. Biogenesis models of circRNAs. (A) Lariat-driven circularization model. The 5′ end of the intron (splice donor site, GU) and the 3′ end of the intron (splice acceptor site, AG) are covalently bound to generate an exon-containing lariat (one or more exons) which is internally spliced to form EcRNA. (B) Intron-pairing-driven circularization model. The RNA base motifs (e.g., Alu repeats) in the introns of pre-mRNA pair with the complementary sequences and the direct cyclization happens to generate ecRNAs or exon–intron circRNAs (EIciRNAs). (C) Circular intronic RNA (ciRNA) formation. The intron lariat is produced by backsplicing process. C-rich element close to the branch and the GU-rich element near the 5′ splice site bind together. The other exons and introns are removed by the spliceosome. (D) RNA binding protein (RBP)-driven model. The bridging of RBPs with pre-mRNAs can give rise to the production of circRNAs (ecRNAs or EIciRNAs).


Multiple factors participate in the biogenesis of circRNAs. Quaking (QKI) and Muscleblind (MBL) proteins function as regulatory activators of the biogenesis of circRNAs (Ashwal-Fluss et al., 2014; Conn et al., 2015). In contrast, an adenosine deaminase acting on RNA-1 inhibits the circRNA formation by destroying the stem structures (Rybak-Wolf et al., 2015). Serine–arginine and heterogeneous nuclear ribonucleoprotein can regulate the generation of circRNAs in Drosophila (Kramer et al., 2015).



BIOLOGICAL PROPERTIES OF CircRNAs

CircRNAs have some common characteristics and the most important ones are elaborated as follows.


(1) Wide distribution and diversity. CircRNAs are found in many eukaryotic organisms ranging from plants to animals and in all tissues (Jeck et al., 2013). In humans, over 30,000 circRNAs have been found and the number will increase in the future (Xu et al., 2017; Zeng X. X. et al., 2017).

(2) High stability. Because of the covalently closed structures, circRNAs are resistant to the degradation by ribonuclease (RNase) and are more stable than linear RNAs (Suzuki et al., 2006).

(3) Specific expression. CircRNAs are specifically expressed in different tissues, cells and developmental stages (Jakobi et al., 2016; Li Y. S. et al., 2017; Xu et al., 2017). circRNAs have different profiles at four stages of heart differentiation (Li Y. S. et al., 2017). Significant alterations have been detected at different developmental stages in cardiomyocytes derived from induced pluripotent stem cells (Siede et al., 2017).

(4) Evolutionary conservation. Many circRNAs seem to be evolutionarily conserved among species (Jeck et al., 2013; AbouHaidar et al., 2014). Jeck et al. (2013) found the homology of 2121 circRNAs between human fibroblasts and mouse genome. Werfel et al. (2016) reported high homology of 1288 circRNAs across human, mouse and rat. However, Werfel et al. (2016) also revealed that only a small number of circRNAs were conserved. Other studies have also illustrated that many circRNAs are specific to species (Aufiero et al., 2019; Lim et al., 2020).

(5) Dynamic expression profiles between normal and pathological conditions. A lot of circRNAs have altered expression related to diseases. Zheng et al. (2016) revealed altered expression of many circRNAs between normal tissues and cancerous tissues. In many other diseases, the expression differences of circRNAs have also been verified (Werfel et al., 2016; Siede et al., 2017; Gupta et al., 2018). Some studies reported lack of dynamic expression of circRNAs in specific diseases (Werfel et al., 2016; Tan et al., 2017).





THE UNDERLYING MECHANISMS OF CircRNA FUNCTIONS

The characteristics of circRNAs, such as wide distribution, high stability, expression specificity and localization, indicate that circRNAs have various biological functions. Recent studies have illustrated that circRNAs can function through different mechanisms (Figure 2).
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FIGURE 2. Underlying action mechanisms of circRNAs and the circRNAs relevant to CVD pathogenesis. (A) CircRNAs can serve as miRNA sponges to regulate the functions of miRNAs. (B) CircRNAs can bind to RNA binding proteins (RBPs[image: image]) to influence their functions. (C) CircRNAs can be the templates to encode proteins with the help of internal ribosome entry site (IRES[image: image]) elements or m6A-modification (brown pin[image: image]). (D) circRNAs with intronic sequences can regulate the expression of parental genes through binding to RNA polymerase II (Pol II). The circRNAs involved in CVD are listed in the blue box. The possible diagnostic biomarkers are displayed in the pink box. EcRNA, exonic circRNA; EIciRNA, exon–intron circRNA; CiRNA, circular intronic RNA.



Some CircRNAs Act as miRNA Sponges

CircRNAs contain miRNA response elements (MREs) that facilitate the binding of circRNAs and miRNAs. This binding decreases the level of functional miRNAs and thus increases the expression of miRNA targets (Hansen et al., 2013a; Tay et al., 2014). This process is known as the “sponge effect,” as circRNAs can absorb miRNAs similar to sponges (Figure 2A). Many circRNAs can function as miRNA sponges. CiRS-7/CDR1as contains more than 70 binding sites for miR-7 that are involved in the pathogenesis of various diseases (Hansen et al., 2013b; Pan et al., 2018; Liu et al., 2019). The binding of ciRS-7/CDR1as to miR-7 causes downregulation of miR-7 and elevated levels of miR-7 target genes. Sry, a testis-specific circRNA, has 16 conserved MREs for miR-138 (Hansen et al., 2013a). The activity of miR-138 is inhibited due to the sponge effect and the miR-138 target genes are upregulated (Hansen et al., 2013a). CircHIPK3 have different MREs (total number: 18) which allow it to bind to nine different miRNAs (Zheng et al., 2016). HRCR can bind to miR-223 which promotes the pathogenesis of cardiac hypertrophy and heart failure (HF) (Wang et al., 2016). CircNFIB can competitively absorb miR-433 to enhance cardiac fibroblast proliferation induced by the stimulation of TGF-β (Zhu et al., 2019). CircRNA_000203 can directly sponge miR-26b-5p and miR-140-3p to regulate the occurrence of cardiac hypertrophy (Li et al., 2019).



Some CircRNAs Serve as RBP Sponges

CircRNAs can interact with RBPs and inhibit RBP activity (Figure 2B). CircMbl is produced from the same pre-mRNA as the MBL protein and can absorb MBL proteins to regulate the subsequent physiological processes (Ashwal-Fluss et al., 2014). CircPABPN1 can bind to HuR, which is a well-known RBP, to prevent the interaction between HuR and PABPN1 mRNA, suppressing the translation of PABPN1 mRNA (Abdelmohsen et al., 2017). CircANRIL competitively recruits PES1 (an essential 60S-preribosomal assembly factor), leading to inhibition of ribosome biogenesis (Holdt et al., 2016). CircFoxo3 participates in the processes of cardiomyocyte senescence and cell cycle progression through interacting with different RBPs, such as anti-senescent protein ID-1, transcription factor E2F1, anti-stress proteins FAK, p21 (cyclin-dependent kinase inhibitor 1) and CDK2 (cyclin-dependent kinase 2) (Du et al., 2017). CircAmotl1 can protect cardiomyocytes and promote cell proliferation and wound repair by binding to the cardioprotective molecules (PDK1 and AKT1) and to STAT3 (signal transducer and activator of transcription 3) (Yang Z. G. et al., 2017; Zeng Y. et al., 2017).



Some CircRNAs Encode Peptides

Studies conducted in recent years have demonstrated that circRNAs can serve as templates for protein translation (Chen and Sarnow, 1995; Wesselhoeft et al., 2018) (Figure 2C). It was first observed in prokaryotes that circRNAs were able to encode proteins. In 1986, studies in hepatitis D virus showed that circRNAs could be translated into functional proteins (Kos et al., 1986). In Escherichia coli, a circRNA was also reported to act as a translation template (Perriman and Ares, 1998). CircRNAs lack a 5′ cap and a 3′ polyadenylated tail which are typical translation initiation structures of linear RNAs. Nevertheless, instead of recruiting ribosomes, circRNA translation is initiated with the help of specific elements, such as IRES (internal ribosome entry site) and N-methyladenosine (m6A) (Chen and Sarnow, 1995; Wesselhoeft et al., 2018). When IRESs are introduced into a circRNA, the synthetic circRNA initiates translation (Chen and Sarnow, 1995). CircZNF609 has an IRES element and can be translated into a protein that functions in myoblast proliferation (Legnini et al., 2017). CircFBXW7 can be translated into a functional protein that plays a role in the inhibition of glioma tumorigenesis with the assistance of the IRES element (Yang et al., 2018). m6A modification has been illustrated to facilitate the translation of linear mRNAs in a cap-independent manner (Meyer et al., 2015). Some circRNAs also employ m6A to initiate translation (Yang Y. et al., 2017). The m6A reader YTHDF3 can interact with circRNAs and subsequently recruit translation initiation factors to drive the initiation of circRNA translation (Yang Y. et al., 2017). In a study based on ribosome profiling of Drosophila heads, circMbl3 was demonstrated to be the template for splicing-dependent translation (Pamudurti et al., 2017). Another recent study found that circβ-catenin could be translated into the β-CATENIN isoform, a functional protein that activates the Wnt/β-catenin pathway and promotes tumor development in liver cancer (Liang et al., 2019).



Some CircRNAs Regulate the Transcription of Parental Genes

Of the three types of circRNAs, ecRNAs account for the majority and are predominantly located in the cytosol (Hansen et al., 2013a; Memczak et al., 2013). The cytoplasmic localization of ecRNAs facilitates their functions as miRNA sponges, RBP sponges and translational templates. CiRNAs and EIciRNAs are confined to the nucleus due to their intronic sequences (Zhang et al., 2013). Recent studies have verified the roles of nucleus-localized ciRNA and EIciRNA in the transcriptional regulation of their parental genes (Zhang et al., 2013; Li et al., 2015) (Figure 2D). CiRNAs can directly interact with RNA polymerase II (Pol II) and enhance parental gene transcription (Zhang et al., 2013), whereas EIciRNAs bind to the U1 small nuclear ribonucleoproteins (snRNPs) at first, and the complex promotes the interaction with Pol II (Li et al., 2015). CiRNA-ankrd52 can bind to Pol II of the pre-mRNA of the ANKRD52 gene to promote transcription, while the knockdown of ciankrd52 may cause a significant transcriptional decrease in the parental gene (Zhang et al., 2013). CircEIF3J and circPAIP2 are EIciRNAs that can form a complex with U1 snRNP and Pol II (Li et al., 2015). In general, ciRNAs and EIciRNAs can serve as transcription regulators of their parental genes.



CircRNA IDENTIFICATION AND RESEARCH DATABASES

Various methods have been developed to identify and study the functions of circRNAs. RNA-seq, microarray, Northern Blot and RT-PCR analyses are the most widely used. RNA-seq can identify new circRNA species and quantify circRNA expression. Next-generation sequencing and depletion of ribosomal RNA methods may be cooperatively utilized for circRNA-seq. The microarray method can only detect and quantify known circRNAs approximately and the results require further confirmation. For high-throughout sequencing, reliable and precise algorithms are of vital importance. Many algorithms have been developed, such as circRNA-finder, MapSplice, CIRCexplorer, and CIRI (Hansen et al., 2016). The combined use of these algorithms may improve the accuracy and sensitivity of circRNA identification. Northern Blot and RT-PCR methods only validate known circRNAs dependent on an exoribonuclease-RNase R, which cleaves linear RNAs from the 3′ end (Asha et al., 1983). With circular structures, circRNAs can avoid the cleavage of RNase R. Thus, in the extraction process, total RNA is digested by RNase R to discard the linear RNAs (Szabo and Salzman, 2016). The collected RNAs are then combined with specific probes (Northern Blot method) or reverse-transcribed to obtain cDNAs of circRNAs (RT-PCR method). Aside from these methods for circRNA identification, some other methods are employed to analyze the subcellular localization (fluorescence in situ hybridization) or the interaction between circRNAs and miRNAs/RBPs (e.g., RNA immunoprecipitation and dual luciferase reporter assay) (Li Y. et al., 2018; Zirkel and Papantonis, 2018). In addition to these known methods, simpler and more efficient methods are still urgently needed for the identification and characterization of circRNAs.

To elucidate the roles of circRNAs, many online databases have been developed (Table 1). Different databases emphasize on different aspects of circRNA research including prediction, identification, protein-coding annotation, circRNA-miRNA interactions and circRNA-RBP interactions. The combined use of these databases may help to establish a foundation for the further studies of circRNAs.


TABLE 1. Database for circRNA research.

[image: Table 1]


CircRNAs AND CARDIOVASCULAR DISEASES

With the use of advanced technologies in sequencing and data analysis, a lot of circRNAs have been detected in human hearts and been reported to be associated with CVD (Jakobi et al., 2016; Werfel et al., 2016; Fan et al., 2017; Tan et al., 2017) (Table 2 and Figure 2). Moreover, circRNAs have been observed to have great potential as biomarkers for the diagnosis and prognosis of CVD (Vausort et al., 2016; Sonnenschein et al., 2019; Wu et al., 2019; Vilades et al., 2020) (Table 3 and Figure 2).


TABLE 2. CircRNAs with CVD.
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TABLE 3. Circulating circRNAs as diagnostic biomarkers of CVD.
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Myocardial Infarction

Myocardial infarction provokes cardiac remodeling and is often complicated by arrhythmia, shock or HF. CDR1as has been determined to sponge miR-7 and to have elevated levels in in mice with MI (Geng et al., 2016). The increased levels of CDR1as can upregulate PARP and SP1, the targets of miR-7, which may subsequently enlarge the size of MI (Geng et al., 2016). CircRNA_081881 has been found to be associated with acute MI. CircRNA_081881 has seven binding sites for miR-548, and the competitive binding upregulates the expression of PPARγ which can protect the heart from acute MI (Deng et al., 2016). MTP18 participates in the development of MI. CircRNA MFACR could absorb miR-652-3p to increase the expression of MTP18 and subsequently promote the progression of MI (Wang et al., 2017). CircNfix has been revealed to promote the degradation of Ybx1 and sponge miR-214. The downregulation of circNfix inhibited cardiomyocyte apoptosis after MI and promoted cardiac regeneration and repair (Huang et al., 2019). CircFndc3b exhibited significantly decreased expression levels in post-MI mouse hearts. CircFndc3b could function through interacting with RBP-FUS which regulates the expression and the signaling pathway of vascular endothelial growth factor-A (VEGF-A). The overexpression of circFndc3b in post-MI mouse hearts could decrease cardiomyocyte apoptosis and fibrosis, enhance neovascularization, reduce infarct size and attenuate left ventricular dysfunction after MI (Garikipati et al., 2019). CircTtc3 was reported to be significantly upregulated in rats with MI (Cai et al., 2019). CircTtc3 could recruit miR-15b-5p to repress its inhibitory effect on Arl2, an ADP-ribosylation factor relevant to cardiomyocyte viability (Cai et al., 2019). The knockdown of circTtc3 exacerbated the symptoms of cardiac dysfunction post-MI, suggesting that circTtc3 plays a role in the cardiac protection in MI (Cai et al., 2019).



Myocardial Fibrosis

Myocardial fibrosis is a disease condition in which normal myocardium is replaced by non-beating cardiac fibroblasts, resulting in diastole difficulty. CircRNA_010567 exhibited significantly increased levels in both diabetic mouse myocardium and Angiotensin-II (Ang-II)-induced cardiac fibroblasts (CFs) (Zhou and Yu, 2017). CircRNA_010567 was found to recruit miR-141. The competitive binding of circRNA_010567 and miR-141 released the inhibitory effect of TGF-β1, a pro-fibrotic factor, thereby promoting myocardial fibrosis (Zhou and Yu, 2017). CircRNA_000203 was also revealed to be elevated in diabetic mouse myocardium and Ang-II-induced CFs (Tang et al., 2017). CircRNA_000203 could sponge miR-26b-5p to attenuate the inhibition of its targets, Col1a2 and CTGF, which are fibrosis-associated proteins. Thus, the upregulation of circRNA_000203 may promote the proliferation of CFs (Tang et al., 2017). CircNFIB was downregulated in primary adult CFs treated with TGF-β (Zhu et al., 2019). Overexpression of circNFIB attenuates CF proliferation while inhibition of circNFIB promotes CF proliferation, indicating the cardioprotective role of circNFIB (Zhu et al., 2019). CircHIPK3 was upregulated in CFs treated with Ang-II (Ni et al., 2019). CircHIPK3 was revealed to sponge miR-29b-3p which can target fibrosis-associated proteins such as Col1a2, Col3a1 and a-SMA. The elevated level of circHIPK3 ultimately enhanced the function of Col1a2, Col3a1 and a-SMA, thereby promoting myocardial fibrosis (Ni et al., 2019). In general, circRNA_010567, circRNA_000203 and circHIPK3 are profibrotic while circNFIB is antifibrotic.



Myocardial Injury

Myocardial injury as well as apoptosis is usually correlated to HF, MI, and ischemia–reperfusion (I/R) injury. CircNCX1 was found to have elevated levels during oxidative stress (Li M. et al., 2018). CircNCX1 could bind to miR-133a-3p and subsequently increase the activity of cell death-inducing protein 1 (CDIP1), inducing apoptosis and I/R injury (Li M. et al., 2018). Circ_0010729 was elucidated to play a role in the injury of human cardiomyocytes induced by oxygen-glucose-deprivation (OGD) (Jin and Chen, 2019). The downregulation of circ_0010729 attenuated the OGD-induced cell injury by activating the mTOR and MEK/ERK pathways (Jin and Chen, 2019). Hsa_circ_0007623 was confirmed to have cardioprotective effects in isoproterenol-induced acute ischemia mice. Hsa_circ_0007623 was able to bind to miR-297 and repress the inhibitory effect of miR-297 on VEGF-A, thereby promoting cell proliferation, migration and angiogenesis (Zhang Q. et al., 2020). Wang S. et al. (2019) speculated that circDLGAP4 may regulate cardiomyocyte apoptosis in myocardial I/R injury through targeting miR-143. However, no additional experimental evidence has been reported to date.



Cardiomyopathy

Cardiomyopathy is a disease with abnormal heart muscles. The muscles are stretched, weakened, or have other structural changes, causing pump difficulties of heart. Most patients with cardiomyopathy will have HF (Molkentin et al., 1998; Aaronson and Sackner-Bernstein, 2006; Rajabi et al., 2007; van Rooij et al., 2008; Authors/Task Force et al., 2014; Wang et al., 2016; Lim et al., 2019). Hypertrophic cardiomyopathy (HCM, cardiac hypertrophy) and dilated cardiomyopathy (DCM, cardiac dilatation) are two common subtypes of cardiomyopathy. When HCM happens, the heart muscles are stretched and become thick, thereby decreasing or blocking the blood flow. In DCM, the heart muscles are weakened, leading to the loss of pumping power of the heart. HRCR could bind to miR-223-5p to decrease its activity and could subsequently upregulate its target, ARC (apoptosis inhibitor with CARD domain), resulting in the inhibition of HCM and HF (Wang et al., 2016). CircSLC8A1 has recently been demonstrated to be the sponge of miR-133a (Lim et al., 2019). The knockdown of circSLC8A1 in cardiomyocytes lessened the hypertrophy induced by pressure overload, whereas the overexpression of circSLC8A1 caused HF (Lim et al., 2019). CircRNA_000203 can bind to miR-26b-5p and miR-140-3p to increase the expression level of their target gene-GATA4 (Li et al., 2019). The elevated level of GATA4 promotes the occurrence of cardiac hypertrophy (Li et al., 2019). Several circRNAs (ciRNA26, ciRNA261, circRNA1191, circRNA4251, and circRNA6913) were reported to exhibit altered expression in cardiac cells with HCM when they were cultured in high levels and normal levels of D-glucose, respectively (Meng et al., 2019). These circRNAs might be sponges of more than 60 miRNAs, suggesting that they have vital functions in HCM.

RBM20 plays a critical role in the splicing of many cardiac genes, whose mutation will cause aggressive DCM (Brauch et al., 2009). RBM20 can regulate the generation of TTN circRNA which might be involved in DCM (Khan et al., 2016). CircSLC8A1, circCHD7, and circATXN10 were found to have elevated expression levels in DCM patients compared with control patients, while circDNAJC6 expression levels were reduced (Siede et al., 2017). The increased expression level of circSLC8A1 was also observed in another study in dilated heart tissue compared with control tissues (Lei et al., 2018). CircAmotl1 has been reported to bind to PDK1 and AKT1, two cardioprotective molecules (Zeng Y. et al., 2017). This interaction activated AKT1 through phosphorylation and facilitated the nuclear translocation of AKT1 to protect cardiomyocytes in doxorubicin-induced cardiomyopathy (Zeng Y. et al., 2017). CircFoxo3 has been determined to promote doxorubicin-induced ventricular dilatation (Du et al., 2017).



Aortic Aneurysm Disease

Aortic dissection is the most serious aneurysm disease. Through screening of aortic tissues from patients with aortic dissection aneurysms, Zheng et al. (2015) found an obviously upregulated circRNA, hsa_circ_000595. Hsa_circ_000595 was found to promote apoptosis in vascular smooth mother cells (VSMCs) under hypoxic conditions through upregulating miR-19a expression. Zou et al. (2017) found 162 circRNAs with abnormal expression by microarray analysis of three thoracic aortic dissection (TAD) patients and three control subjects, in which hsa_circRNA_101238 was notably increased. Hsa_circRNA_101238 could sponge miR-320a to inhibit its activity, thereby increasing the levels of its target, MMP9 protein (a TAD related protein) (Zou et al., 2017).



Cardiac Senescence

Cardiac senescence greatly depresses heart function. Through high throughput RNA-seq, Chen et al. (2018) identified 22 circRNAs with dynamic expression in cardiac muscle during aging. Some of them might regulate the pro-coagulation process. CircRNA005698 was found to be a sponge for seven miRNAs and might be a biomarker for cardiac senescence (Chen et al., 2018). CircFoxo3 was reported to bind to several RBPs (ID-1, E2F1, FAK and HIF1ɑ) and inhibit their activities, thereby promoting cardiomyocyte senescence (Du et al., 2017). CircFoxo3 could also absorb two G1 to S phase transition-related proteins (p21 and CDK2) and suppress their functions in the cell cycle, leading to cell cycle repression (Du et al., 2016).



Hypertension

Hypertension is a common chronic disease and a major risk factor for CVD. Through profiling of plasma, Wu et al. (2017) identified 59 circRNAs that exhibited altered expression between hypertensive patients and healthy controls. Additionally, a profiling with blood found 351 circRNAs that had different levels from patients with chronic thromboembolic pulmonary hypertension and healthy people (Miao et al., 2017). However, due to the small cohort (five patients and five controls for both studies), all the results in these studies require further validation. Overall, the number of studies on circRNAs in hypertension remains small. More studies should be conducted to elucidate the mechanisms.



Coronary Artery Disease

Coronary artery disease is a chronic disease mainly caused by atherosclerosis. miRNAs have been shown to function in all pathogenesis processes of CAD (Zhang L. et al., 2018, 2020), such as endothelial dysfunction, lipid metabolism disorder, proliferation and differentiation of smooth muscle cells (SMCs). Recently, circRNAs have also been found to participate in the development of CAD. CircANRIL was testified to interact with PES1 to suppress pre-rRNA maturation and subsequently restrain the biogenesis of ribosomes, which consequently enhances the stability of anti-atherogenic cells (Holdt et al., 2016). The high level of circANRIL might reduce the severity of CAD (Holdt et al., 2016). Thus, circANRIL plays an atheroprotective role. In addition, circANRIL was also illustrated to play a role in the formation of atherosclerosis by regulating the expression of INK4/ARF (Burd et al., 2010). CircHIPK3 was found to have elevated level in diabetic retinopathy. CircHIPK3 could promote endothelial proliferation and vascular dysfunction through binding to miR-30a-3p which can target VEGFC and WNT2 (Shan et al., 2017). Neuregulin-1 (NRG1) participates in vascular physiopathology (Odiete et al., 2012). CircNrg1 was revealed to sponge miR-193b-5p which could target its host mRNA, Nrg1. The overexpression of circNrg1 led to an elevated level of NRG1, whereas the silencing of circNrg1 decreased the level of NRG1 (Sun et al., 2019). CircWDR77 was determined to be increased in VSMCs treated with high glucose (Chen et al., 2017). CircWDR77 could sponge miR-124 to increase the activity of its target, FGF-2 (fibroblast growth factor 2), thereby promoting VSMC proliferation and migration (Chen et al., 2017). Pan et al. (2017) identified 24 circRNAs which were differentially expressed by circRNA microarray. Among these circRNAs, nine circRNAs were found to sponge hsa-miR-130a-3p and then increase the level of TRPM3 which regulates the proliferation and contractility of VSMCs in cooperation with cholesterol (Pan et al., 2017). OxLDL treatment can be employed to induce endothelial cells injury to simulate the pathogenesis of atherosclerosis or CAD. Hsa_circ_0003575 was found to have elevated expression in oxLDL-induced HUVECs (human umbilical vein endothelial cells) (Li C. Y. et al., 2017). The study elaborated that hsa_circ_0003575 could regulate endothelial cells proliferation and angiogenesis probably through interacting with miR-9-5p and miR-199-3p (Li C. Y. et al., 2017). Dang et al. (2017) performed a circRNA microarray in hypoxia-induced HUVECs to identify 36 circRNAs with abnormal expression, and they reported that hsa_circ_0010729 was upregulated. Hsa_circ_0010729 could sponge miR-186 to regulate vascular endothelial cell proliferation and apoptosis via targeting HIF-1α. Circular RNA-ZNF609 was reported to have increased expression in HUVECs under high glucose and hypoxia stress, both in vivo and in vitro. CircZNF609 could regulate endothelial cell function by binding to miR-615-5p which targets the transcription factor MEF2A. The knockdown of circZNF609 promoted endothelial cell migration and inhibited endothelial cell apoptosis (Liu et al., 2017).



CircRNAs AS BIOMARKERS FOR CVD

Currently, a variety of circulating molecules, such as proteins and miRNAs, have been illustrated to have diagnostic potential for CVD. Such proteins as troponins, creatine kinase-MB and myoglobin have been widely used in the clinic. However, these proteins are not specific and are not applicable for the early diagnosis. Additionally, these proteins are easily influenced by such factors as the heart-associated diseases, medication, patient genetic background, and age (Chen et al., 2008; Lawrie et al., 2008). Therefore, protein biomarkers have limited diagnostic value. Circulating miRNAs have been elaborated to have high specificity and strong potential for early diagnosis. However, circulating miRNAs have not been applied in the clinic due to their low content and time-consuming detection (Zhang L. et al., 2018). Circulating circRNAs have many features resembling circulating miRNAs including high stability, sensitivity and specificity, which are essential for biomarkers. Meanwhile, the circulating levels of circRNAs are not low, and some circRNAs even have high content, making detection easier. Many studies have revealed the considerable potential of circulating circRNAs as novel and promising biomarkers for the early diagnosis of CVD (Table 3 and Figure 2).

CircZNF609 (MICRA) had lower levels in the peripheral blood of MI patients than in healthy controls (Vausort et al., 2016). Circulating MICRA was demonstrated to have a high value of predicting left ventricular dysfunction (Vausort et al., 2016). CircRNA_081881 was downregulated in the plasma of AMI patients and might be a promising target for AMI diagnosis and therapy (Deng et al., 2016). The level of hsa_circ_0124644 was increased in the peripheral blood of CAD patients and was found to have a significant association with CAD. Receiver operating characteristic (ROC) analysis revealed that circulating hsa_circ_0124644 might be a potential diagnostic biomarker for CAD (Zhao et al., 2017). Hsa_circ_0001879 and hsa_circ_0004104 were found to have increased levels in the peripheral blood mononuclear cells (PBMCs) of CAD patients (Wang L. et al., 2019). ROC analysis revealed their high accuracy in the diagnosis of CAD. Furthermore, the combination of hsa_circ_0001879, hsa_circ_0004104 and CAD risk factors had the highest value to discriminate CAD patients from healthy controls (Wang L. et al., 2019). Atrial fibrillation (AF) is a common complication after coronary artery bypass grafting (CABG) (Maesen et al., 2012). Hsa_circ_025016 was upregulated in the plasma of patients with new-onset AF after isolated off-pump CABG. ROC analysis revealed a high diagnostic value (Zhang J. et al., 2018). The analysis with a large validation cohort confirmed the diagnostic power of hsa_circ_025016 (Zhang J. et al., 2018). All results indicated that hsa_circRNA_025016 might be a promising biomarker for the prediction of new-onset AF after isolated off-pump CABG (Zhang J. et al., 2018). Sun et al. (2020) performed circRNA microarrays and found significantly upregulated plasma levels of hsa_circ_0112085, hsa_circ_0062960, hsa_circ_0053919 and hsa_circ_0014010 in HF patients. ROC analysis revealed that hsa_circ_0062960 had great potential to be a diagnostic biomarker of HF (Sun et al., 2020). A study using whole blood revealed that the hsa_circ_0037911 level was significantly increased in hypertensive patients in contrast to the control group (Bao et al., 2018). Another study revealed reduced expression levels of circRNAs (DNAJC6, TMEM56 and MBOAT2) in the serum of patients with HCM (Sonnenschein et al., 2019). All three circRNAs had high discrimination power between HCM patients and the control cohort. Moreover, circTMEM56 and circDNAJC6 could be indicators of disease severity in patients with HCM (Sonnenschein et al., 2019). Wu et al. (2019) reported three notably downregulated circRNAs (hsa_circRNA_004183, hsa_circRNA_079265 and hsa_circRNA_105039) in the plasma of children with congenital heart diseases (CHD) and employed ROC analyses to determine their potential to be biomarkers. They found the great potential of three circRNAs as novel non-invasive diagnostic biomarkers for CHD (Wu et al., 2019). Hsa_circ_0001445 was shown to have lower plasma levels in CAD patients than in the control group (Vilades et al., 2020). Hsa_circ_0001445 is secreted into circulation through being packaged in extracellular vesicles of coronary SMCs (Vilades et al., 2020). The coronary atherosclerotic condition abolished the association of hsa_circ_0001445 and vesicles, leading to the downregulation of plasma hsa_circ_0001445 (Vilades et al., 2020). Therefore, hsa_circ_0001445 might be considered an effective and novel predictor of CAD (Vilades et al., 2020). In general, these studies have illuminated the potential role of circulating circRNAs as biomarkers for the diagnosis and prognosis of CVD.



CONCLUSION AND FUTURE PERSPECTIVES

Base on our exploration, the results from a variety of studies have confirmed that circRNAs can participate in the pathogenesis of CVD mainly through acting as miRNA sponges and interacting with RBPs. CircRNAs are widely distributed in different tissues and have tissue- and developmental stage-specific expression. In addition, circRNAs are stable and abundantly present in the circulatory system. Therefore, circRNAs might be promising biomarkers for the diagnosis of CVD, and accumulating research has confirmed this possibility. The clinical use of circRNAs as diagnostic biomarkers will greatly facilitate the prevention and treatment of CVD. However, there are some problems that should be solved before clinical application of circRNAs.

First, there is no generally accepted methodology on the measurement procedures of circulating circRNAs, which might result in the lack of consistency in various studies. Hence, a standardized methodology should be formulated before clinical use. Second, the sample sizes are small in most studies. The insufficient samples might lead to deviation in the test results. A larger cohort is necessary for correct conclusions. Finally, despite these findings, the underlying mechanisms of the functions of many circulating circRNAs have not been elucidated, and our knowledge is still insufficient, which represents a considerable obstacle to clinical application. More and deeper studies should be performed to explore the potential molecular mechanisms.

In summary, studies have confirmed that circRNAs are closely involved in the progression of CVD and might be promising biomarkers for CVD. These findings may provide a new avenue for the prevention, diagnosis and therapeutic intervention of CVD in the future.
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Once referred to as “normal commensal flora” the human microbiome plays an integral role between health and disease. The host mucosal surface replete with a multitude of immune cells is a vast arena constantly sensing and responding to antigen presentation and microbial by-products. It is this key role that may allow the microbiome to prime or protect the host from autoimmune disease. Rheumatoid arthritis (RA) is a chronic, disabling inflammatory condition characterized by a complex multifactorial etiology. The presence of certain genetic markers has been proven to increase susceptibility to RA however it does not guarantee disease development. Given low concordance rates demonstrated in monozygotic twin studies there is a clear implication for the involvement of external players in RA pathogenesis. Since the historical description of rheumatoid factor, numerous additional autoantibodies have been described in the sera of RA patients. The presence of anti-cyclic citrullinated protein antibody is now a standard test, and is associated with a more severe disease course. Interestingly these antibodies are detectable in patient’s sera long before the clinical signs of RA occur. The production of autoantibodies is driven by the lack of tolerance of the immune system, and how tolerance is broken is a crucial question for understanding RA development. Here we review current literature on the role of the microbiome in RA development including periodontal, gut and lung mucosa, with particular focus on proposed mechanisms of host microbiome interactions. We discuss the use of Mendelian randomization to assign causality to the microbiome and present considerations for future studies.
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INTRODUCTION

Complex interactions govern the symbiosis that exists between the human body as the host and our microbiome. It is conceivable to imagine that defense mechanisms capable of continual surveillance for infection but tolerant of our own “healthy microbiome” have evolved (Kamada et al., 2013; Mezouar et al., 2018), allowing the microbiome to prime or protect us from disease. Initial microbiome research focused on descriptions of variant microbiome populations within specific disease states, e.g., diabetes, obesity, inflammatory bowel disease (Tilg and Moschen, 2014; Tralongo et al., 2014; Tomasello et al., 2015; Castaner et al., 2018; Sharma and Tripathi, 2019) or temporal shifts observed over the course of a disease (Kong et al., 2012; Kelly et al., 2016). Autoimmune disorders are a primary group of disorders hypothesized to be triggered by interactions of the microbiome and the host (Chervonsky, 2013). Intriguingly the target tissue which characterizes the clinical syndrome is often distant from the assumed instigating microbial impetus, this scenario is exemplified by rheumatoid arthritis (RA).

As the number of microbiome studies increase and greater details unfold regarding the microbiomes’ physiological role we believe it is important to emphasize two elements of microbiome research. Firstly, strictly speaking the term microbiome refers to all microorganisms and the collection of all their genes and genomes within a microbial community associated with a distinct anatomical region (Lederberg and Mccray, 2001). Therefore this definition would encompass all living organisms at that site, including bacterial, viral, fungal and archaeal populations. This is an important concept as tools for analysis of these complex communities can be divided broadly into functional or taxonomic characterization. Primarily, the former relies on metagenomic shotgun sequencing and the latter on 16S rRNA sequencing but overlap exists, where hypothesized function can be inferred from 16S rRNA sequencing (Ortiz-Estrada et al., 2019) and of course, metagenomics shotgun sequencing is also capable of taxonomic resolution. Taxonomic variation using 16S rRNA often only reports the bacterial portion of the microbiome, albeit the largest and potentially most active microbial component. It is worth noting the fungal, viral and much of the archaeal populations are not reported in 16S rRNA analysis performed. Secondly, it is often cited that the gut microbiome houses up to 1014 bacterial cells. While there is agreement that the gut microbiome is indeed the largest human microbiome in terms of cell biomass and genetic potential, the original estimates of bacterial cells outnumbering human cells by 10:1 is likely an over estimation (Sender et al., 2016). Sender et al. (2016) investigated these numbers and found the original estimates stemmed from a single paper published in 1972 (Luckey, 1972) which assumed a homogenous bacterial population density along the alimentary canal, and overestimated the capacity of the human colon thereby amplifying bacterial numbers. Newer estimates suggest a more modest ratio of 1:1 of bacterial to human cell biomass (Sender et al., 2016), however this of course this does not take into account genetic potential and subsequent metabolic pathways which still favor the microbiome as having numerical dominance in terms of transcriptional and subsequent functional activity.

This review article focuses on the mechanistic relationships between the microbiome and the human host and how bacterial perturbations could trigger or potentiate the autoimmune response in RA. Building upon previous review articles (Rosenbaum and Asquith, 2016; Wells et al., 2019; Konig, 2020) we have included a synopsis of the unique immune adaptions at potential offending mucosal sites, focusing on the molecular interactions and a summary of the animal model supporting the mucosal origins hypothesis of RA. We highlight potential new efforts to assign causality to the microbiome using Mendelian randomization on available curated datasets and finally propose some future consideration for further research.



THE MICROBIOME AND RA AUTOIMMUNITY

Numerous factors impact the microbiome such as vaginal delivery versus cesarean section in newborns, diet, and antibiotic administration (Hasan and Yang, 2019) with the overriding determinant being anatomical site (Cho and Blaser, 2012). The diversity of a microbiome can be categorized based on which organisms are present, their relative abundance, their temporality and their metabolic activity. Great variation of the microbiota between individuals, and even temporally within the same individual has been demonstrated at the lower taxonomic units (Costello et al., 2009). Each of these streams holds the potential for disease progression or enhancement. For example, the priming of the immune system with a specific antigen exposure or infection with a predominant bacterium and subsequent induction of a pro-inflammatory status could impact disease states.

Rheumatoid arthritis is a chronic, disabling autoimmune disease characterized by a complex multifactorial etiology. The presence of certain genetic markers has been proven to increase susceptibility to RA, however these do not guarantee RA development (Stahl et al., 2010). A 15% concordance has been demonstrated in monozygotic twin studies which clearly indicates a role for environmental factors in disease development (Aho et al., 1986). Furthermore the use of antimicrobials in RA treatment has been established for some time, (Brown et al., 1971) however, the exact mechanism by which they exert their effect is unknown, as is the target group of organisms (Nagra et al., 2019). The production of autoantibodies is driven by the lack of tolerance of the immune system, and how tolerance is broken is a crucial question for understanding RA development. Since the historical description of rheumatoid factor (RF), an IgM antibody directed against IgG, numerous additional autoantibodies have been described in the sera of RA patients. These autoantibodies are directed against various joint components (cartilage, collagen) and non-joint components (enzymes, nuclear proteins, stress proteins) and although are not diagnostically important may contribute to disease by immune complex formation and deposition. The presence of anti-cyclic citrullinated protein antibody (ACPA) is now a standard test for RA, and is associated with a more severe disease course. Interestingly these antibodies are detectable in patient’s sera long before the clinical signs of RA (i.e., clinical arthritis) occur (Nielen et al., 2004). Within this phase of antibody positivity but without arthritis, the joint synovium shows no inflammatory changes (Berglin et al., 2006; Van De Sande et al., 2011). ACPA represent a collection of autoantibodies of various isotypes (IgG, IgM, and IgA) directed against the neutrally charged non-essential amino acid citrulline. The creation of ACPA’s is brought about by a process called citrullination, which is the post-translational modification of arginine, catalyzed by peptidylarginine deiminase (PAD) enzymes resulting in the substitution of arginine to citrulline. This process decreases the proteins ability to form hydrogen bonds due to a lack of positively charged amino acids introducing a structural change within the peptide sequence and subsequent immunogenicity (Kurowska et al., 2017). PAD enzymes are highly conserved throughout evolution, in humans there are five main types of PAD genes (Chavanas et al., 2004) which display both tissue and substrate specificity and are involved in a plethora of physiological functions including tissue structure, apoptosis and immune regulation (Wegner et al., 2010), of note PAD2 and PAD4 are likely more important in RA development given their isolation in the synovium of RA patients (Foulquier et al., 2007). As mentioned ACPA’s may be heterogeneous in terms of their fine specificity to antigens but are highly specific for RA when compared to RF (Kurowska et al., 2017).

The presence of circulating serum ACPA represent a state of systemic autoimmunity, combination of ACPA titers with symptomatology, imaging and major histocompatibility complex (HLA)-DRB1, prediction models can be developed to identify those at the highest risk of progression to RA (Van De Stadt et al., 2013; Rakieh et al., 2015). As previously mentioned, the multifactorial etiology of RA encompasses genetic risk, with the “shared epitope” (SE) accounting for the strongest genetic risk factor (Gregersen et al., 1987; Raychaudhuri et al., 2012; Deane et al., 2017). The SE is located within the third hypervariable region of HLA DRB1 molecule and encodes a five amino acid sequence (Huizinga et al., 2005) with some alleles possessing a higher binding affinity for citrullinated peptides spurring the investigation for a “RA antigen.” The identification of such an antigen is an exciting concept which may provide a malleable risk factor in which RA disease may be moderated or ameliorated. Environmental risk factors are a perpetual interest in RA, as mentioned the use of drugs with antimicrobial properties for the treatment of RA (Ogrendik, 2013) provide a rationale for a possible role of bacteria in RA pathogenesis. Furthermore, infections with specific organisms have been associated with an increased risk of RA development; these include Porphyromonas gingivalis (discussed within “Periodontal Microbiome and ACPA” section), Proteus mirabilis, Mycobacterium tuberculosis, and Mycoplasma spp. (Li et al., 2013) the hypothesized mechanism of action includes molecular mimicry and activation of the immune system via a “super-antigen.” Recently gastrointestinal and urogenital infections were shown to be associated with a lower risk developing RA (Sandberg et al., 2015). The authors’ hypothesize that these infections and/or their subsequent treatment with antibiotics may induce a deviation in microbiome composition that has an overall protective effect i.e., disrupting an already high risk microbiome. Smoking status has a long established link with RA as demonstrated by numerous epidemiological studies (Karlson et al., 1999; Criswell et al., 2002; Padyukov et al., 2004; Sugiyama et al., 2010), this combined with the strong link to periodontal disease (PD) (Kasser et al., 1997; Mercado et al., 2001; Pischon et al., 2008; Scher et al., 2012; Äyräväinen et al., 2017) provides clear evidence for the role of the oral microbiome in the development of RA. Continuing along the lines of a microbial impetus for RA, Scher et al. (2013) demonstrated individuals diagnosed with new onset RA had a different microbiome when compared to healthy controls, while Zhang et al. (2015) demonstrated perturbations in both the oral and gut microbiomes could be used to identify those with RA from healthy controls. They also demonstrated that treatment of RA with disease modifying drugs resulted in reversion of the microbiome composition comparable to that of the healthy controls, which undoubtedly is a secondary phenomenon but serves to highlight the interaction between the gut microbiome and joint inflammation. Therefore, understanding the microbiomes role will be paramount in completing this etiological puzzle of RA. In this review we will focus on the mechanisms by which the microbiome may initiate autoimmunity.



THE NICHE ENVIRONMENT OF THE MICROBIOME

The oral microbiome acts a portal of entry to the human body and therefore has adapted to endure a multitude of physical insults including rapid fluctuations in temperature, pH and external pollutants (air and climate) (Idris et al., 2017). The oral cavity forming the initial segment of the alimentary canal shares many physiological features with the gastrointestinal tract, and indeed the function of gastrointestinal immune cells is far better understood. Distinct to the oral cavity, salivary secretions are a primary component of the oral immune system, and have evolved with the ability to rapidly neutralize microbial threats via the production of large quantities of secretory IgA, mainly in a dimeric form (Brandtzaeg, 2013). The unique properties of the secretary IgA allows it to resist proteolytic cleavage while preventing bacterial aggregation and biofilm formation, a precursor to PD. Stimulus for the production of the IgA comes from inductor sites such as mucosa-associated lymphoid tissue (MALT) (Wu et al., 2014) in particular nasopharynx-associated lymphoid tissue (Brandtzaeg et al., 1999).

The gastrointestinal (GI) tract is a unique organ providing a pivotal dual role of digestion and maintenance of immune homeostasis. The enormous numbers of antigens presented to the GI tract in the form of food, environmental and microbial antigens are processed at the highly efficient mucosal barrier, which can be divided into three physically distinct elements; the epithelial barrier, the lamina propria and the gut-associated lymphoid tissue (GALT). GALT is further divided into payer’s patches (PP), isolated lymphoid follicles and mesenteric lymph nodes (MLN) which together constitute the largest lymphatic network in the body (Mowat, 2003; Ahluwalia et al., 2017). There are a variety of mechanisms by which the gut is capable of antigen uptake. Briefly antigens can enter via microfold (M) cells and are presented by dendritic cells (DC) to underlying T cells within the PP. Alternatively the DC may enter the lymphatic drainage network and present to next MLN. Direct intraluminal antigen sampling may also occur as DC are capable of extending the dendrite through the epithelial barrier directly into the colonic lumen. Furthermore, follicular associated enterocytes may pass antigens to DC cells or via MHC class II presentation to CD4+ cells (Ahluwalia et al., 2017) see Figure 1. The first line of immune defense relies on a family of receptors known as pattern recognition receptors (PRR’s), these receptors are expressed on innate immune cells and include Toll-Like receptors (TLR) which allow identification of pathogen-associated molecular patterns (PAMPs). Upon sensing a PAMP, TLR enables activation of the immune system and induces subsequent inflammation to eradicate the invading organism (Kumar et al., 2011; Ahluwalia et al., 2017), is it through PAMPs that the mucosal immune system maintains constant surveillance.
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FIGURE 1. Sent in a different document as requested. Depiction of the role of the oral and gut microbiomes on RA. Oral dysbiosis may increase the burden of citrullination via direct and indirect mechanisms through key pathogens Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans. The gut epithelia presents antigens to the underlying immune cells via Microfold cells (M cells) and subsequently to mesenteric lymph nodes (MLN) via dendritic cells (DC) situated in the payer’s patches (PP) within the lamina propria. DC may also sample antigens directly by extension of a dendrite directly in the colonic lumen. Alternative CD4+ T cells may be activated directly by follicular associated enterocytes. This immune activation leads to cytokine production and stimulation of pro-inflammatory T cells (Th17) resulting in B cell activation and antibody production. Anti-cyclic citrullinated protein antibody (ACPA). ACPA’s produced in both the oral cavity and the gut can enter circulation, migrate to the joints and contribute to RA development.


Akin to the gastrointestinal system, the mucosal surface of the lung is also exposed to a vast array of antigens, hence the resident immune cells of the bronchial tree must also delineate between potential harmful and innocuous stimuli (Joshua et al., 2017). The lung mucosal barrier in addition to recognition of PAMP’s during pathogen invasion, can also identify damage-associated molecular patterns (DAMP’s) commonly induced by smoking, which may further perpetuate PAMP recognition and subsequent TLR activation (Joshua et al., 2017). Within the lungs, local inflammation fosters the development of inducible bronchus associated lymphoid tissue (iBALT) which is architecturally similar to other non-encapsulated secondary lymphoid structures (PP), having distinct B and T cell elements with supporting APC’s (Carragher et al., 2008). The presence of iBALT therefore confers the mucosal lining of the lungs the ability to generate and potentiate autoantibody production.



MURINE MODELS OF RA

Although the focus of this review is on human studies, it would be remiss not to cover the three main rodent models [collagen induced arthritis (CIA), K/B×N, and SKG] of RA and microbiome research as these studies offer the unique ability for microbial manipulation, and therefore an attractive avenue for mechanistic insights. Within each mucosal section we have included additional important animal studies. Rogier et al. (2017) used a CIA mouse model to investigate the gut microbiome in the pre-RA state. Briefly the CIA murine model is created via immunization of genetically susceptible (DBA/1) mice with type II collagen resulting in a polyarthritis which is both clinically and histologically similar to RA (Brand et al., 2004). Within the preclinical phases of RA a relative decrease in Bacteroidetes and Bacteroidaceae was identified, while Firmicutes and Proteobacteria (Ruminococcaceae, Lachnospiraceae, and Desulfovibrionaceae) were increased during the immune-priming phase of arthritis (Rogier et al., 2017). Following elimination of microbial populations (antibiotics) the abundance of intestinal Th17 cells decreased with subsequent attenuation of arthritis. Dynamic temporal microbial changes in this pre-RA phase have also been demonstrated using CIA mouse models (Jubair et al., 2018), with an initial decrease in Bacteroidetes and an increase in Lactobacillaceae; however, by day 35 of the model (early induction of arthritis at day 14) Lactobacillaceae had returned to day 0–7 levels, while Lachnospiraceae significantly increased in abundance. The authors found mucosal IL-17A and IL-22 increased on day 14, corresponding to the decreases in Bacteroidetes and increases in Lactobacillaceae and subsequently normalized on day 35, as bacterial abundances of Bacteroidetes and Lactobacillaceae returned to day 0 levels (Jubair et al., 2018).

Some Lactobacillaceae are known to have a regulatory effect on the immune system, for example Lactobacillus salivarius and Lactobacillus plantarum transferred to mice prior to the induction of CIA reduced Th17 cells and increased Treg cells resulting in reduced arthritis severity (Liu et al., 2016). As discussed later, L. salivarius has been associated with new onset RA in humans. Depletion of microbial load using broad spectrum antibiotics resulted in decreased disease duration and decreased antibody production (Jubair et al., 2018) which was true for both early and late antibiotic administration. Of note, later administration of antibiotics, following the second CIA inoculation, had a greater reduction in disease severity. The anti-inflammatory effect of the reduced microbial load has been attributed to decreased glycosylation of the FC portion of mucosal autoantibodies with subsequent decreased compliment activation leading to decreased inflammation (Jubair et al., 2018). Pfeifle et al. (2017) has shown antibody glycosylation to be an important factor in the transition between asymptomatic autoimmunity and symptomatic disease in RA patients and in CIA and K/B×N models. Tong et al. (2020) demonstrated the microbiome of pre-RA individuals (ACPA positive) was capable of inducing gut mucosal changes in a CIA mouse model. There was significant decreases in Zo-1 gene expression combined with mucosal damage and increases in mucosal Th17 cells, mice inoculated with the pre-RA microbiome displayed earlier and more severe joint disease in comparison to those inoculated with the microbiome from healthy controls (Tong et al., 2020).

The K/B×N mouse model possess a transgenic T-cell receptor and the MHC class II molecule Ag7 resulting in spontaneous arthritis due to the production of autoantibodies against the ubiquitous protein glucose-6-phophate isomerase (Ditzel, 2004). Under germ free conditions, autoimmune arthritis in the K/B×N mice was significantly attenuated, with absence of Th17 cells within the gut mucosa. Inoculation with segmented filamentous bacteria (SFB) reinstated the Th17 cell population and the arthritis phenotype (Wu et al., 2010). In keeping with previous experiments demonstrating colonization with SFB and their ability to induce a proinflammatory state (Ivanov et al., 2009). Thompson et al. (2012) has investigated the taxonomic relationships of SFB and demonstrated those observed in vertebrates to be a distinct linage within the family clostridiaceae, suggesting the term Candidatus Savagella to be used in future to denote SFB in vertebrates. It is interesting to note that within Thompson et al. (2012) study, SFB observed in arthropods were shown to be a distinct linage within the family lachnospiraceae, which has been implicated in the above CIA models. The presence of SFB has been confirmed in the human gut and shown to be associated with increased IgA levels (Chen et al., 2018). Flak et al. (2019) used K/B×N to gain mechanistic insights into the loss of gut homeostasis and showed that arthritic mice had increased gut permeability due to decreased presence of tight junctions and goblet cells when compared to naive mice. They noted downregulation of the gut-protective mediator D5n-3 DPA (RvD5n-3 DPA) and IL-10 expression corresponding with the above physiological changes in the gut mucosal. Following inoculation with P. gingivalis further decreases of both RvD5n-3 DPA and Il-10 levels were identified with further disruption of the gut permeability, these changes were reversed upon supplementation with RvD5n-3 DPA restoring gut barrier function, suggesting an additional mechanistic role for P. gingivalis in RA development.

A third mouse model; the SKG model [a missense mutation in Zap70 resulting in spontaneous arthritis (Sakaguchi et al., 2003)] has demonstrated induction of arthritis following inoculation of SKG mice with the gut microbiome of early RA patients (Maeda et al., 2016). Germ free SKG mice were either inoculated with pooled feces from healthy controls or early RA patients. A predominance of Prevotella copri (discussed later in this review) was identified with within the early RA patients, which was corroborated within the mice receiving the RA microbiome following inoculation and associated with increased Th17 cells and arthritis severity (Maeda et al., 2016). As previous stated, mouse models provide a malleable environment in which to ascertain mechanistic insights into the microbiome’s ability to induce disease, and remain the gold standard of establishing causality in microbiome research (Round and Palm, 2018). However, some caution should be taken given a substantial number of taxa within the human gut fail to colonize the engrafted animal (Zhang et al., 2017), and those that do colonize may foster community structures distinct from the human donor (Staley et al., 2017). Finally, as exemplified by the multifactorial etiology of RA, the ecological factors (diet, lifestyle, genotype) driving the dysbiosis in humans are lacking in the murine models making it difficult to replicate human-microbiome disease associations (Arrieta et al., 2016).



PERIODONTAL MICROBIOME AND ACPA

Periodontal disease is characterized by environmental risk factors (smoking), genetic risk factors [shared epitope (Marotte et al., 2006)] and persistent inflammation leading to bony destruction, all characteristics shared with RA. We have already highlighted the epidemiological links demonstrating RA patients to have increased prevalence and severity of PD. The fact that PD exists at the time of diagnosis of new RA (Scher et al., 2012; Mankia et al., 2019) suggests it is less likely a consequence of the RA disease process, but possibly an additional target of the disease or a disease initiator. Scher et al. investigated the oral microbiome in new onset RA (NORA) patients prior to disease treatment, and compared it to chronic RA patients and healthy controls. Interestingly there was no difference in the microbiome diversity of the NORA and the other groups, however two taxa, Prevotella spp. and letotrichia spp. were enriched in NORA patients regardless of PD status. Investigating groups at risk of developing RA allows us to examine disease chronology and investigate disease initiation, before clinical arthritis occurs. This is a unique time point which is unattainable in most disease processes. Mankia et al. demonstrated increased prevalence of PD in ACPA+ at-risk individuals when compared with early RA patients and healthy matched controls (Mankia et al., 2019).

The strongest evidence linking both PD and RA comes in the form of the enzyme PAD. This enzyme has been identified in the organism P. gingivalis part of the “red complex” of dental organisms known to cause PD (Mcgraw et al., 1999). Interestingly the genes encoding PAD enzymes in P. gingivalis (PPAD) share no sequence homology to human PAD genes and to date P. gingivalis is the only bacteria identified containing such genes (Gabarrini et al., 2015). PPAD possesses the same catalytic activity of the human PAD enzymes resulting in citrullination, however PPAD shows preference to the terminal and free arginine residues. This is an important differentiation from human PAD genes (which endocitrullinate) as one of the proposed mechanisms in which P. gingivalis induces arthritis is via the release of the virulence factor arginine-gingipanis (RpgB) which cleaves host proteins exposing the terminal arginine residue which is then free to undergo citrullination via PPAD with the creation of neo-epitopes and subsequent ACPA positivity (Wegner et al., 2010). This hypothesis is supported by murine models which demonstrated that mice with laboratory induced arthritis had higher autoantibody production and joint destruction in those infected with wild type PPAD compared to those with mutated deficient PPAD genes (Maresz et al., 2013; Gully et al., 2014; Sandal et al., 2016; Courbon et al., 2019). Sandel et al. demonstrated this pathway was restricted via HLA-DRB1 positive mice suggesting that in addition to the presence of P. gingivalis and its associated expressed virulence factors, a genetic predisposition was also required. Remaining on the theme of citrullination, another oral pathogen has been recently identified as a possible etiological agent, Aggregatibacter actinomycetemcomitans (Konig et al., 2016). This organism is typically associated with aggressive PD or endocardial disease. Leukotoxin A (LtxA) is a primary virulence toxin produced by A. actinomycetemcomitans capable of inducing pore formation into the cell membrane of neutrophils, the resultant transient membrane permeability can then induce dysregulation of human PAD enzymes due to a rapid influx of calcium leading to increased endogenous citrullination, however not shown to be increased in ACPA positive population progressing to RA see Figure 1.

P. gingivalis has also been linked to increased production of Th17 cells (Moutsopoulos et al., 2012), a subset of CD4+ cells that have gained much attention in the field of autoimmunity since their identification in Harrington et al. (2005). The primary role of Th17 cells is fighting bacterial (mainly Staphylococcus aureus) and fungal (mainly Candida albicans) infections (Holland et al., 2007; De Beaucoudrey et al., 2008). Th17 cells are capable of producing a repertoire of pro-inflammatory cytokines IL-17A, IL-17F, and IL-22 (Marwaha et al., 2012), which in turn can result in bone destruction via osteoclastic activation (Sato et al., 2006). Increased levels of IL-17 have been found in the synovium of RA patients and correlate with disease severity (Cascao et al., 2010). Furthermore, CIA mouse models have demonstrated increased Th17 production and large quantities of IL-17 in lymph nodes draining the affected joints in mice infected with P. gingivalis PD (Sato et al., 2017; Tsukasaki et al., 2018).

The oral microbiome itself can produce an array of small molecules, some of which share structural homology to self-antigens which may lead to antibody cross reactivity and aberrant targeting of host proteins (i.e., molecular mimicry). Again P. gingivalis has been implicated here as its α-enolase protein shares 82% homology to human α-enolase and have been shown to cross-react (Lundberg et al., 2008). Alpha-enolase is consistently identified as an autoantigen (Kinloch et al., 2005) in RA patients. Interestingly higher levels of antibodies against citrullinated α-enolase (anti-CEP-1) were present in individuals, without RA, suffering from chronic PD compared to non PD individuals (De Pablo et al., 2014).

Neutrophil extracellular traps (NETs) primarily act as a defensive mechanisms against invading microorganisms (Kaplan and Radic, 2012). During the process of NETosis the extracellular membrane breaks down allowing the mixing of cellular contents including chromatin and histones proteins with extracellular fluid, creating a matrix capable of affixing invading organisms (Li et al., 2010; Lood et al., 2016). The process of NETosis has recently gained renewed interest in RA (Khandpur et al., 2013), as citrullination of proteins is a key step in NETosis. This process is catalyzed by PAD4 enzymes (Wang et al., 2009) and interestingly individuals suffering from autoimmune conditions display spontaneous NETosis, resulting in the externalization of a number of intracellular molecules which are subsequently recognized as autoantigens (Grayson and Kaplan, 2016; Demoruelle et al., 2017).

Although we have initially stated the microbiome enacts its autoimmune effects via the mucosal surface, which is typically distant to the target tissues, recently both the oral and gut microbiome have been implicated in the translocation of bacteria to the joints. Clinical microbiologists now appreciate that a transient bacteraemia can occur following minor breaks in the mucosal barrier, including brushing ones’ teeth (Maharaj et al., 2012). The possibility of bacterial translocation is increased in the presence of mucosal inflammation such as PD where organisms associated with PD have been identified in the liver and spleen of affected mice (Tsukasaki et al., 2018). Additionally P. gingivalis has been shown to persist intracellularly (Li et al., 2008), which may then act as a vehicle to carry this pathogen to joint sites. This hypothesis is supported by the isolation of P. gingivalis DNA from the synovium of RA patients (Totaro et al., 2013) suggesting certain bacteria may have a direct inflammatory effect on the joint. If this effect exists it is independent for ACPA as there was no correlation between joint bacteria and ACPA positivity. A summary of possible mechanisms of microbial influence on RA development is provided in Table 1.


TABLE 1. Possible mechanism of microbial influence on RA development.
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THE gut MICROBIOME AND RA

The advent of DNA analyses has expanded our knowledge on the microbiota present within the gut, allowing for the identification of communities but also potential functional pathways. For example, the human microbiome project has produced >70 million 16S rRNA gene sequences (HMP consortium) and together with MetaHIT a European project has suggested great medical significance of the gut microbiome and aimed at developing genomic databases for the enumeration of bacteria. A delicate balance has evolved to create a mutually beneficial relationship between man and microbe representing a symbiosis within the gut. However, we now know alterations in our gut microbiome (dysbiosis) have been linked to a variety of diseases including RA. The change from symbiosis to dysbiosis is a critical transition from microbiome stability to an alternative state, representative of disease. Investigations into the role of the gut microbiome in the development of RA have focused on identifying perturbations in the gut microbiome, thereby resulting in a local mucosal immune dysregulation which may lead to local inflammation and subsequently systemic inflammation.

The gut microbiome has evolved its own unique innate immune homeostasis, with distinct phenotypic expression between gut and blood borne macrophages. CD14 expression is lacking on intestinal macrophages, a key molecule required for the recognition of lipopolysaccharide on bacterial surfaces (Smith et al., 1997). There is also a distinct down regulation of cytokine expression from macrophages isolated from the colon (Smith et al., 2001). Germ-free animal studies have demonstrated a reduced ability of neutrophils to phagocytise and subsequently release superoxide anions into the lysosome (Ohkubo et al., 1990). Innate lymphoid cells capable of helper T (Th) cell regulation via cytokine production play a vital role in immune homeostasis. These cells resemble Th17 cells with respect to their cytokine profile, producing pro-inflammatory interleukins (IL)-17 and IL-22. Additionally, the gut microbiome plays a regulatory role for the adaptive immune response. CD4+ T cells are divided into four major classes depending on their cytokine profile; Th1, Th2, Th17, and T regulatory Cells (Treg) and a careful balance of pro versus anti-inflammatory cells maintain immune homeostasis. Certain bacteria have been associated with the induction of a T cell response, for example Bacteroides fragilis induce the differentiation of Treg cells through polysaccharide A present on the bacterial surface resulting in an anti-inflammatory effect that has been shown to have both local mucosal effect but also modulate systemic anti-inflammatory role (Hooper and Macpherson, 2010; Round et al., 2011). Similarly, Clostridia spp. (IV and XIVa) have also shown anti-inflammatory effects via IL-10 producing Treg cells after colonization of germ cell mice (Atarashi et al., 2011). The gut microbiome has also been shown to have a pro-inflammatory effect mediated via CD4+ cells differentiation in Th17, this differentiation is induced via the presence of SFB (Ivanov et al., 2009).

Given the interplay described and the multiplicative effect via cytokine activity it is reasonable to assume a pivotal role of the gut microbiome in autoimmune conditions. Germ-free animal studies of HLA B27 positive rats (genetic predisposition) demonstrate that without the input from the gut microbiome peripheral joint disease does not develop (Taurog et al., 1994). Gnotobiotic studies implicate specific bacteria in RA development, moncolonisation with Lactobacillus bifidus results in homeostatic imbalance between Treg and Th17 (Abdollahi-Roodsaz et al., 2008). Ivanov et al. (2009) demonstrated a role for SFB specifically candidatus spp. resident in the terminal ileum capable to inducting Th17 cell differentiation and subsequent arthritis development.

Biofilm formation within the gut is now receiving more interest as a mechanism of immune dysregulation, tipping the scales between Th17 and Treg cells. Dalpke et al. (2006) described the activation of TLR-9 via bacterial cell contents including DNA, a major constituent of bacterial biofilms (Schlafer et al., 2017). Interestingly biofilm formation has been implicated in the development of systemic lupus erythematosus (SLE), where a structural protein of the biofilm called a curli (amyloid fibril) was capable of binding to bacterial DNA, creating an immunogenic complex inducing an immune response via DC presentation (Gallo et al., 2015). Curli fibers produced by common enteric organisms can activate the NLRP3 inflammasome, leading to the production of IL-1β through caspase 1 and TLR signaling thereby driving a pro-inflammatory response (Rapsinski et al., 2015). However, Curli fibers also have demonstrated the ability to increase epithelia tight junctions (Oppong et al., 2015) via TLR-2 activation and so further work must be done to explore the action of biofilm on autoimmunity. Mucosal epithelial barrier integrity has been linked to RA pathogenesis in mouse models by Chen et al. (2016), who demonstrated colonization with collinsella spp. increased mucosal barrier permeability and Th17 cells. Elements known to influence the mucosal barrier integrity include bacteria, their by-products and diet (Horta-Baas et al., 2017; Guerreiro et al., 2018). Microbial by-products particularly short chain fatty acids (SCFA), including acetate, propionate, and butyrate have been linked to amelioration of arthritis development in CIA models (Mizuno et al., 2017; Kim et al., 2018). Mizuno et al. (2017) showed that oral administration of SCFA was able to decrease disease severity by decreasing Th1 cells, and increasing Treg cells thereby damping the immune response.


The RA Dysbiosis

Using 16S rRNA gene sequencing the microbiome of new onset RA patients, chronic RA patients who are already receiving treatment, established psoriatic arthritis patients and healthy matched controls were analyzed. An overabundance of P. copri with new onset RA was found, a predominance of this group was not seen within the microbiome’s of long standing arthritis patients or healthy matched controls (Scher et al., 2013). Functional genomic analysis of the new onset RA patients suggests a decrease in vitamin metabolism (biotin, pyroxidal, and folate) due to a lack of these pathways in Prevotella sp. This functional shift may represent a pro-inflammatory environment more resistant to treatment given that folate metabolism is a target for methotrexate, a stable in RA treatment. Interestingly Scher et al. demonstrated an inverse relationship between the abundance of P. copri and the presence of HLA-DRB1. The authors’ hypothesize a minimum threshold of P. copri is needed to induce disease, which may be lower in those with accompanying genetic risk, although this theory has been recently challenged by Wells et al. (2020), discussed further in the causality section of the review. Using metagenomic shotgun sequencing Zhang et al. demonstrated increased quantities of lactobacillus spp. in RA patients at multiple microbiome sites (gut, oral and saliva) which positively correlated with disease activity. P. copri abundance was illustrated, within the first year, to be a function of disease duration. Large clustering was identified including Gordonibacter pamelaeae, Clostridium asparagiforme, Eggerthella lenta, and Lachnospiraceae bacterium, and smaller clusters containing Lactobacillus spp., Bifidobacterium dentium and Ruminococcus lactaris as over-abundant in the RA microbiome (Zhang et al., 2015).

Recently Alpizar-Rodriguez et al. (2019b) also identified an over-abundance of P. copri in individuals at risk of RA, their population included ACPA positive and/or RF positive patients without arthritis comparing them to first degree seronegative relatives. This study demonstrates a dysbiotic microbiome before the onset of clinical arthritis and suggests the gut microbiome may play an active role in RA development. Of note, this study did include individuals with undifferentiated arthritis (likely to include SpA patients) which represents progression of the disease phenotype beyond the pre-arthritis “at-risk” phase (Alpizar-Rodriguez et al., 2019b). Multiple studies describing various dysbiotic bacterial states associated with RA have been published, some demonstrating increased Prevotellaecae (Maeda et al., 2016; Jeong et al., 2019; Lee et al., 2019; Rodrigues et al., 2019), some decreased prevotellaecae (Vaahtovuo et al., 2008; Breban et al., 2017) and others attributing the dysbiosis to other organisms, such as Clostridiaceae (Muñiz Pedrogo et al., 2019) Blautia, Akkermansia, and Clostridiales (Chiang et al., 2019), lactobacilli (Liu et al., 2013; Picchianti-Diamanti et al., 2018), Actinomyces, Eggerthella (Chen et al., 2016; Forbes et al., 2018). Table 2 contains a summary of microbial perturbations found in RA.


TABLE 2. Identified microbiome perturbations in RA.
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LUNG MICROBIOME AND RA

Pulmonary disease is a common extra-articular manifestation of RA and may affect multiple respiratory structures including lung parenchyma, pleura, airways and vascular compartments (O’dwyer et al., 2013; Shaw et al., 2015). As previously stated, smoking is a well-established risk factor for RA, and often the presence of respiratory symptoms predates the onset of joint disease. Indeed HRCT has demonstrated underlying lung pathology prior to RA onset (Demoruelle et al., 2012). Furthermore, the presence of autoantibodies in the sputum of seronegative individuals (Willis et al., 2013) suggests the lung may act as a site of autoantibody generation. Scher et al. (2016) demonstrated decreased alpha diversity of the lung microbiome (bronchial alveolar lavage) in individuals with newly diagnosed RA compared to healthy controls. The microbial changes identified by Scher et al. (2016) in this cohort resembled the changes present in the lung microbiome of sarcoidosis patients (granulomatous disease not associated with ACPA positivity); involving decreases in the relative abundance of Burkholderiaceae, Actinomycetaceae, Spirochaetaceae and the genera Actinomyces, Treponema, and Porphyromonas suggesting a commonality within lung dysbiosis driving inflammation. Of note, there was also a correlation between the presence of the genus Prevotella in BAL samples and systemic RF titers and the number of ACPA fine specificities.

While there is a distinct lack of lung microbiome studies in RA or pre-RA, both Prevotella and P. gingivalis have also been identified within the lung microbiome (Erb-Downward et al., 2011; Goleva et al., 2013) of other inflammatory conditions and therefore it is not impossible to assume they could be present within the RA/Pre-RA population. Both Streptococcus pneumoniae and Streptococcus pyogenes are capable of causing respiratory infections, similar to P. gingivalis, both of these pathogens express α-enolase (Pancholi and Fischetti, 1998; Bergmann et al., 2001) and therefore via molecular mimicry could result in ACPA formation within the lung mucosa. It is interesting to note also the number of respiratory infections has been shown to increase prior to the onset of RA (Arleevskaya et al., 2018) and subside upon RA diagnosis and treatment. Additionally, as smoking induces human PAD genes (PAD2 and PAD4) which increases the overall burden of citrullinated proteins (Kilsgård et al., 2012; Damgaard et al., 2015), it has been demonstrated that citrullinated IL-37 resulted in decreased activity against common respiratory pathogens potentially facilitating bacterial infection within the lungs (Kilsgård et al., 2012). Therefore interplay between lifestyle factors and infections could induce autoimmunity with the lung.



CAUSALITY AND THE MICROBIOME

In building the case for the microbiome as a trigger of RA we have relied on several key experimental approaches, specifically aimed at understanding the molecular mechanisms by which the microbiome could trigger autoimmunity. In summary these findings suggest a number of “commensal” organisms capable of inducing ACPA formation, or microbial perturbation resulting in activation and subsequent compensatory immune cascades which could ultimately lead to RA development. Traditional approaches for the assessment of microbial causal relationships required the fulfillment of Koch postulates (Koch, 2010; Duhe, 2011), however these postulates pose a significant hurdle for microbiome studies. Not least of which, the difficulty to culture much of the human microbiome (Browne et al., 2016), furthermore we now appreciate the human host microbiome interactions can be both beneficial or deleterious depending on the organisms abundance and temporality (Cho and Blaser, 2012) which forfeits the major tenants of Koch’s postulates. An alternative approach to help ascribe causality is the use of epidemiology in complex ecosystems like humans, where the putative casual factor is the environment, or in this case, the microbiome. Consideration of the environment as a potential instigator of disease, which may be communicable is integral to the many sights from the field of epidemiology. For example, John Snow considered the father of epidemiology and his description of contaminated drinking water and cholera, to more complex relations of diet and cardiovascular disease or smoking and lung cancer. Epidemiological studies of this nature are expensive and require multiple statistical methods to control for confounders. Furthermore, these latter examples are unpinned by genetics, amongst other factors, and from this perspective microbial perturbations as an impetus from RA would be highly contextual. As we have highlighted earlier in this article, cross-sectional observational studies have demonstrated microbial changes in individuals with RA and pre-RA compared to healthy controls, with animal studies supporting a casual role for the microbiome and RA development. Of course, it is essential to determine the microbiome features that are causal for RA onset from those that are a consequence of the disease process or treatment, and from those that show statistical association due to confounding.

Mendelian randomization (MR) is increasingly used to overcome the multiple confounding effects of observational studies and has been used as an alternative method to ascribe causality (Sekula et al., 2016; Davies et al., 2018). MR relies on the presence of naturally occurring genetic variants within our human genome, and assigns these as instrumental variables to investigate the effects of a modifiable risk factor (the microbiome) on a disease outcome (RA). Valid genetic instrumental variables for RA studies must fulfill three assumptions; the selected gene must be associated with the microbiome (relevance assumption), must not be associated with any related confounders (independence assumption), and does not affect RA except through the microbiome (exclusion restriction assumption) (Davies et al., 2018). The nature of genetic inheritance which allows the use of randomization introduced during meiosis and fixed at conception allows genetic variants to act as plausible instrumental variables. Inamo has used MR to investigate for a causal relationship between the gut microbiome and RA (Inamo, 2019). Utilizing two datasets from genome-wide association studies; one for the gut microbiome as the exposure and another for RA as the outcome, 26 single nucleotide polymorphisms (SNP) were identified to be associated with decreased gut microbial diversity. One SNP (rs1230666) was found to be independently associated with RA development and therefore removed, following its removal the remaining 25 SNP’s failed to demonstrate the microbiome as a casual factor for RA development (Inamo, 2019), suggesting the observed microbial dysbiosis in RA is a secondary phenomenon. However, Alpizar-Rodriguez et al. (2019a) has highlighted that microbial dysbiosis does not always equate to decreases in microbial taxa, and rather is it a compositional shift of the microbiome that is driving the RA dysbiosis (Kishikawa et al., 2020). Therefore MR analysis based a selection of SNP’s that are known to affect the gut microbiome by decreasing the numbers of taxa present within the gut is unlikely to yield a casual effect, given an arbitrary decrease of taxa is in contradiction to the current observational studies.

Using the same datasets as Inamo, lee again used MR to question the causal effects of the microbiome on RA (Lee, 2020). In this study 32 SNPs were identified as instrumental variables, as opposed to original 26 identified by Inamo, presumably by including SNP’s known to alter bacterial taxa in either direction, not limiting to those that decrease bacterial taxa only. Following removal of rs1230666 SNP, known to independently influence RA development, the MR analysis did show significance and supported a casual role for the microbiome in RA development. The use of MR to assign causality to the gut microbiome obviously relies upon the selected SNPs and the strength of their influence on the microbiome, Rothschild et al. (2018) has demonstrated that genetics have a poor effect on microbiome composition. However, a recent study by Wells et al. (2020) has demonstrated that a polygenic risk score for RA was positively associated with the presence of Prevotella spp. within the gut microbiome of non-RA patients, they went on to validate their findings within an independent cohort composed of first degree relatives of RA patients carrying the HLA DRB1 risk allele. An inverse relationship between P. copri and HLA DRB1 has previously been reported (Scher et al., 2013), here the authors’ suggest the differences identified are likely a result of population characteristics or unmeasured confounding (Wells et al., 2020). They also found an association between individuals with preclinical RA and P. copri.

Interestingly, there was no association between the polygenic risk score and overall microbial diversity (Wells et al., 2020), again adding weight to the theory that MR analysis based on decreased taxa is unlikely to be an accurate measure of RA dysbiosis.



FUTURE CONSIDERATIONS

There is much interest in the microbiome community to move past the traditional taxonomic description of the microbiome to understanding its functional capacity, which has mainly relied upon metagenomic sequencing which is expensive [although methods to infer function from 16S rRNA are available (Ortiz-Estrada et al., 2019)]. Recently Hillmann et al. (2018) described shallow shotgun sequencing, allowing better taxonomic resolution and functional analysis for a fraction of the cost of whole metagenome shotgun sequencing, although if wishing to identify the rarer taxa which may delineate a disease phenotype then depending on research budget 16S rRNA may still be the better option. It is worth pointing out that some RA studies have relied upon qPCR to identify microbes of interest, which obviously identifies only the organisms carrying the reciprocal primer target sequence, which might create a skewed view of the microbiome in these individuals; it is possible that in the future qPCR might be the technology that is taken to the clinic if a unique microbiome signature indicative of RA disease was identified, but we are not at that stage yet. It has been over 10 years since the first publication of the human microbiome project (Turnbaugh et al., 2007), which has been consolidated by large phenotyped cross-sectional population studies (Falony et al., 2016; Zhernakova et al., 2016). These studies highlight the importance to account for multiple covariates into microbiome research such as diet, gut transit time, medications and intrinsic factors, to date no such RA study has included these important factors and this is a key point that needs to be addressed moving forward.

As we have highlighted in this review mucosal surfaces including oral, gut and lung microbiomes can play an important role in initiating and perpetuating inflammation. It appears that induction of autoimmunity may not occur at a single site but in fact these microbiomes may be acting in tandem creating a systemic multiplicative effect. A recent study by Schmidt et al. (2019) demonstrated that extensive transmission of bacterial species exists between the oral and gut mucosal sites, demonstrating >40% of bacterial species were prevalent (>10%) in both gut and salivary samples in a population including RA patients. Taken into account future microbiome studies should investigate a homogenous at-risk population, incorporate known factors effecting the microbiome, examine multiple mucosal sites, and ideally provide a longitudinal prospective as individuals progress toward the disease phenotype.
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The coronavirus (SARS-CoV-2) pandemic is a rapidly transmitting and highly pathogenic disease. The spike protein of SARS-CoV-2 binds to the surface of angiotensin-converting enzyme-2 (ACE2) receptors along the upper respiratory tract and intestinal epithelial cells. SARS-CoV-2 patients develop acute respiratory distress, lymphocytic myocarditis, disseminated intravascular coagulation, lymphocytic infiltration, and other serious complications. A SARS-CoV-2 diagnosis is conducted using quantitative reverse-transcription PCR and computed tomography (CT) imaging. In addition, IgM or IgG antibodies are used to identify acute and convalescent illness. Recent clinical data have been generated by health workers and researchers and have shown that there is an urgent requirement in the effective clinical and treatment of patients, as well as other developments for dealing with SARS-CoV-2 infection. A broad spectrum of clinical trials of different vaccines and drug treatment has been evaluated for use against SARS-CoV-2. This review includes the emergence of SARS-CoV-2 pneumonia as a way to recognize and eliminate any barriers that affect rapid patient care and public health management against the SARS-CoV-2 epidemic based on the natural history of the disease, its transmission, pathogenesis, immune response, epidemiology, diagnosis, clinical presentation, possible treatment, drug and vaccine development, prevention, and future perspective.
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INTRODUCTION

Coronaviruses are a group of large viruses with positive SS RNA, 160 nm in size, and belonging to the Nidovirales family (Schoeman and Fielding, 2019). The genome size of the SARS-CoV-2 virus is approximately 30 KB. The virion of SARS-CoV-2 is made up of genomic RNA with a structural protein, i.e., nucleocapsid (N) phosphoprotein, which encloses the nucleic acid, a glycoprotein membrane (M) embedded in the lipid bilayer, a spike glycoprotein (S) with petal-shaped peplomers and a small enveloped (E) protein and a polyadenylated tail, followed by 3′ ends (McBride et al., 2014; Schoeman and Fielding, 2019). Two-thirds of the SARS-CoV-2 genome made up of a polyprotein (pp1a and pp1b), which is produced after the cleavage of the cysteine protease (PLpro) and 3C–like serine protease (3CLpro), the resultant non-structured protein, and RNA–dependent RNA polymerase and helicase are synthesized (Narayanan et al., 2015). Six genera of Coronavirus have been discovered, namely, alpha corona, beta, gamma, delta, bafinivirus, and torovirus. Human coronavirus (HcoVs) belongs to the alpha and beta coronaviruses, genera 229 E and NL63 belong to the alpha coronavirus, and OC43 and HKU1 belong to the beta coronavirus (Figures 1, 2; Owusu et al., 2014). The main hosts and reservoir of these viruses are infected birds and mammals. Being hosts to the largest number of viral genotypes, bats have also become host to large numbers of coronaviruses, and their immune systems can suppress such viruses (Khan, 2013). However, they can transmit these viruses to birds and other mammals. Epidemics of coronaviruses generally occur when the virus transmits from one species to another, as shown in Figures 1, 2, which takes place when the viruses acquire mutations in proteins that allow them to bind to the cells of other animals and more easily infect the other cells in the new host. Human coronaviruses are causes of respiratory and gastrointestinal tract infections (Lau et al., 2010). Such viruses have been estimated to account for 5–10% of all adult upper respiratory tract infections such as the common cold, pneumonia, and acute respiratory distress syndrome (ARDS), and causing gastrointestinal infection (Ge et al., 2013; Khan, 2013). There are a wide variety of symptoms of coronavirus infection. Usually, mutations occur when a virus transfers from one species to another, and entirely new coronaviruses can develop through such mutations. Several outbreaks of new coronaviruses (Smith, 2006), the first being severing acute respiratory syndrome (SARS), occurred in 2002 to 2003, which was reported to have been a beta coronavirus from Guangdong province in China (Chan et al., 2003). There are different lineages of beta coronaviruses within SARS lineage B, and this particular virus has previously been transmitted from bats to civets to humans in an outbreak recorded from February to July 2003. In this outbreak, there were more than 8000 total recorded cases and 774 deaths with a fatality rate of 9.6% (Chan-Yeung and Xu, 2003). Another coronavirus outbreak of Middle East Respiratory Syndrome (MERS) occurred in 2012, as shown in Figures 1, 2 (Zaki et al., 2012), which reportedly began in Saudi Arabia and spread to several other countries. This was also a beta coronavirus and was transmitted from camels to humans (Lau et al., 2013) either by eating camels or drinking camel milk. More than 2400 cases and 858 deaths were recorded with a fatality rate of approximately 34.4%. The new coronavirus, 2019-nCoV (SARS-CoV-2) discovered in Wuhan, Hubei province of China in December 2019, the seventh coronavirus found to cause illness in humans. It is also a novel beta coronavirus and has many similarities with SARS (Chen N. et al., 2020; Huang C. et al., 2020). SARS-CoV-2 was first identified through a cluster of pneumonia cases in Wuhan, China On December 31, 2019, an infectious disease with a cluster of cases of pneumonia occurred in Wuhan, China, which was later identified as novel SARS-CoV-2 (Bernard Stoecklin et al., 2020). By January 31, 2020, 7818 cases had been confirmed in 19 countries, and on May 18, 2020, the WHO declared a coronavirus outbreak as a public health emergency, with 10500,639 cases, 510,736 deaths, and 5,727,094 recovered cases recorded in more than 200 countries. The virus is officially named SARS-CoV-2 because it is genetically extremely like SARS coronavirus, which was responsible for the outbreak in 2002 (Chen and Yu, 2020). It is believed that SARS-CoV-2 was transmitted from a bat to a Pangolin and finally to a human (Figure 2). A coronavirus found in a Pangolin showed a 96% genetic match with SARS-CoV-2. The spike protein of the coronavirus allows it to attach to the lining of the respiratory tract and damage the ciliated epithelial cells of the nasopharynx leading to viremia (Xu H. et al., 2020). Severe lung damage can cause ARDS and aseptic shock, which are the main causes of death for people infected and are more likely to occur in those over the age of 60, in smokers, and in people with previous medical conditions such as diabetes, Chronic Obstructive Pulmonary Disease (COPD), Cardiovascular Diseases (CVDs), hepatitis, hypertension, or pregnancy (Figure 3; Matthay et al., 2019). During this pandemic, one of the main concerns is the treatment options available. At present, we do not have any drugs approved for SARS-CoV-2 by the FDA, although there are certain drugs used by clinicians for patients with SARS-CoV-2 infection (Adnan, 2020), including redeliver, chloroquine, hydroxychloroquine, lopinavir, ritonavir, and tocilizumab (Abd El-Aziz and Stockand, 2020). None of these drugs are currently used as a prophylactic against SARS-CoV-2 but are administered after infection. It has been observed that chloroquine and hydroxychloroquine, which are antimalarial drugs, are more effective against SARS-CoV-2 (Kruse, 2020). Tocilizumab is most widely used by clinicians, and its IL-6 inhibitors lead to a reduction in cytokines and an acute phase retract. This drug is still under clinical trial for SARS-CoV-2 pneumonia. Lopinavir and ritonavir are two other drugs that have been used despite their limitations. Initially, they were used for HIV infection, and have shown to be active against SARS-CoV-2 in animal studies (Zhao, 2020). All these drugs are used by clinicians based on their severity, clinical complications, and special consent or ethical approval of the competent authority. Previous reviews on COVID-19 have been based on information regarding a specific problem. Limited reviews are available regarding the recent developments of SARS-CoV-2 pneumonia for recognizing and eliminating any barriers that affect the rapid patent care and public health management against the SARS-CoV-2 epidemic. This review aims to discuss recent advances in SARS-CoV-2 in terms of pathophysiology, epidemiology, clinical management, drug discovery, vaccine development, and prospects. This review includes the emergence of SARS-CoV-2, the natural history of the disease, and its transmission, pathogenesis, epidemiology, diagnosis, clinical presentation, possible treatment, drug and vaccine development, and prospects.
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FIGURE 1. Emergence and taxonomy of coronavirus.
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FIGURE 2. Genome and genetic shift at genomic site coronavirus with zoonotic origin.



[image: image]

FIGURE 3. Flow diagram for diagnosis, clinical presentation, and treatment of SARS-CoV-2.




PATHOPHYSIOLOGY

SARS-CoV-2 is inhaled through respiratory droplets (>5 μm) in the air at up to <1 m (less than 3.3 feet) and within close contact (6 feet, or 1.8 m) (Cui et al., 2020). The virus is also inhaled by touching an object or surface with a virus present from an infected person, and then touching the mouth, nose, or eyes (Figure 4). SARS-CoV-2 causes ARDS and invades two types of cells in the lungs, namely, mucus-producing (Goblet) cells and ciliated cells, allowing it to reproduce (Singhal, 2020). Mucus keeps the lungs from drying out and protects them from pathogens. Celia pushes the mucus toward the exterior of the body, clearing debris from the lungs including viruses. Killer cells are the preferred host cells for SARS-CoV and are likely the preferred host cells for SARS-CoV-2 (Figure 3; Chen W. H. et al., 2020; Wang F. et al., 2020). Once a structural protein enters a cell, the genetic, viral material is copied. The invading virus blocks the synthesis of this viral genetic material. The invading virus blocks the synthesis of this viral genetic material (Tian et al., 2020). The virus enters the cell through fusion and endocytosis. The virus is partially decomposed and becomes insensitive to the neutralizing antibodies of the host (Belouzard et al., 2012). The host cell receptors, consider the virus to be a normal legend, leading to a receptor aggregation of the virus and the entry of the virus through the endocytosis process (Baig et al., 2020). Virus uncoating occurs inside the cytoplasm along with the release RNA inside the host cells, forming a polyprotein complex (Tian et al., 2020). These polyproteins are cleaved under the action of the protease into the RNA polymerase (Letko et al., 2020). Antigenomic RNA is transcribed from genomic RNA. The hallmark of coronavirus transcription is the production of multiple sub-genomic mRNAs, and during the replication process, two intermediates are formed: First, an intermediate genome forms an antigen and creates a new genome complex (Baig et al., 2020). RNA polymerase acts as an anti-genomic RNA to generate a positive genome strand and the m-RNA. Next, m-RNA acts on the rough endoplasmic reticulum of the host cells to produce a new viral genome (Baig et al., 2020; Letko et al., 2020). Common symptoms of SARS-CoV-2 include fever (>37.3°C), which may not be present in some cases, shortness of breath, coughing, sore throat, insomnia and/or ageusia, muscles ache, nausea/or vomiting, abdominal pain, headache, runny nose, and fatigue (Figure 3; Huang C. et al., 2020). Frequent symptoms at illness onset include fever (83–98%), dry cough (76–82%), and myalgia or fatigue (11–44%), and the incubation period varies from 5 to 14 days. Besides, 14% of patients were observed as having severe symptoms, and 5% were found to be critically ill (Zhou et al., 2020). According to the WHO, SARS-CoV-2 cases are steadily increasing throughout the world. Early reports suggested that illness severity is associated with age (>60 years old) and comorbidity (Liu B. et al., 2020). Clinical investigations of patients with SARS-CoV-2 have been based on early detection, identification, isolation, and employment of immediate prevention and control with supportive care of the patient through the management of ARDS and hypoxemic conditions with septic shock (Jiang et al., 2020). Special and urgent care is required for pregnant women. Patients are categorized into those with an uncomplicated illness, mild pneumonia, severe pneumonia, ARDS, sepsis, and septic shock (Du et al., 2020). When mucus-producing (goblet) cells and ciliated cells die owing to a collection of new SARS-CoV-2 material, they slough off into the airways, filling them with debris and fluid. Many of those infected experience pneumonia in both lungs (Li et al., 2020). The virus enters the immune system, and the immune cells recognize the virus flooding into the lungs (Jiang et al., 2020). The lung tissues then become inflamed during the normal immune response. The inflammatory process is highly regulated and is confined to the infected area (Liu H. et al., 2020). However, occasionally the immune system overreacts, resulting in damage to the healthy tissues. More cells then die and slough off, further clogging the lungs and worsening pneumonia (Feng Y. et al., 2020). As damage to the lungs increases, stage three begins, potentially resulting in respiratory failure, permanent lung damage, or death. Here, we can see the same lessons with SARS-CoV-2 as with SARS (Cowling and Leung, 2020). SARS create holes in the lungs, which have a honeycomb appearance. This is probably due to an over-reactive immune response, which affects healthy and infected tissue and generates scars that stiffen the lungs (Tan K.S. et al., 2020). Some patients with this condition may require ventilators to aid in breathing (Chen W. H. et al., 2020). The inflammation also results in alveoli that are more permeable. Alveoli are interfaces of gas exchange, where the lung replaces CO2 in the blood with fresh oxygen. The increased permeability causes fluid to leak into the lungs (Raoult et al., 2020; Zhou et al., 2020). This decreases the ability of the lungs to oxygenate the blood and in severe cases floods the lungs with fluid, preventing the patient from breathing properly and sometimes resulting in death (Zhang H.-T. et al., 2020). Venous thromboembolism is reduced using mechanical or pharmacological prophylaxis, and catheter-related bloodstream infections are removed by maintaining sterile and aseptic conditions, as well as the removal of the catheters daily (Goossens, 2015). Aseptic shock is the main cause of death for people with this infection and is more likely to occur in those over the age of 60, smokers, and people with previous medical conditions. Individuals with diabetes, cardiovascular disease, heart disease, hypertension, respiratory disease, pregnancy, or an immunocompromised state are high risk for clinical complications and mortality (Figure 3; Liu K. et al., 2020) An overreaction of the immune system causes another type of damage, namely, cytokines recruiting immune cells at the site of infection. Overproduction of cytokines can result in a cytokine storm and cause large-scale inflammation in the whole body of the patient (Puja et al., 2020). Therefore, blood vessels become more permeable and fluid seeps out. This situation makes it difficult for blood and oxygen to reach the patient’s body. As a result, multi-organ failure occurs in more severe cases of SARS-CoV-2.
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FIGURE 4. Immune response during SARS-CoV-2 infection.




IMMUNE RESPONSE

The site of the initial infection of SARS-CoV-2 is unknown, but the most common effect is damage to the respiratory system owing to the predominance of the angiotensin-converting enzyme 2 (ACE2) receptors in the epithelial lining (Elena et al., 2020). The gastrointestinal tract also has a significantly higher concentration of ACE2, but GI symptoms were seen more in SARS infections and have been quite rare in SARS-CoV-2 infections. The immune response in SARS-CoV-2 patients occurs in two phases: Initially, when the disease is moderate, the immune cells eliminate the virus by producing primary cytokines, which may be beneficial for eliminating the virus but results in inflammation. During the second phase of more severe cases, SARS-CoV-2 patients exhibit significantly high cytokine levels or hyper-inflammation, and in some cases, the lungs become damaged (Figure 4; Azin et al., 2020; Shih-Hwa et al., 2020). Patients in this stage develop ARDS, and worsening damage to the lungs is a major challenge. Some patients with severe respiratory symptoms experience a high viral load in the lungs, and further studies are required to understand the dynamics between viral load dynamics and effective immune response (Zhuobing et al., 2020). Extreme inflammation results in the release of large cytokines in the circulation, which start affecting the secondary organs, and the viral load begins to decrease. In addition to the lungs, the heart rate may also be affected by systemic inflammation during SARS-CoV-2 infection (Tian et al., 2020). Severe SARS-CoV-2 infections are associated with lymphocytopenia, which is a severe loss of lymphocytes in the bloodstream. Many cytokines are released in SARS-CoV-2 patients and cause a cytokine storm such as IL-6, IL-1, IL-2, IL-10, TNF-α, and IFN-, Increased level of IL-6 in the serum leads ARDS and adverse clinical outcome, such as respiratory failure (Tan K.S. et al., 2020; Tan L. et al., 2020). A high level of IL-6 can suppress normal cell activation (Azin et al., 2020). Thus, a cytokine storm may help with the suppression of T-cells in SARS-CoV-2 patients (Puja et al., 2020). Researchers have also suggested that a massive release of cytokines involves a rapid viral replication, leading to apoptosis. This increases the macrophages in the lungs, which in turn amplifies the inflammatory response (Figure 4). Specific cytokines are involved in the SARS-CoV-2 immune response. In severe cases of SARS-CoV-2 infection, increased levels of IL-6, IL-10, TFN-α, and the soluble IL-2 receptor have been found. In another study, elevated levels of IL-7, G-CSF, IP-10, MCP-1, and MIP-1α were found in patients with a severe SARS-CoV-2 infection (Liu H. et al., 2020). Patients experiencing a cytokine storm may have lung damage and multi-organ failure, with death occurring in some cases. Understanding the mechanism of the immune response by which the cytokine storm can be reduced is critical for the design of future therapies. Targeted immune cell-based therapies may prove beneficial because they focus on a specific cytokine, such as IL-6, IL-10, and TNF-α, without causing a widespread effect on the immune system (Figure 4; Ye et al., 2020). To fully understand the occurrence of a cytokine storm in SARS-CoV-2 patients, inflammation, acute phase, essential immune response, proinflammatory chemokines, immune cell-specific (including B cells, CD8, and natural killer cells), macrophage and microglia, and T-helper-cell cytokine panels need to be conducted on the serum or bronchoalveolar lavage fluid of COVID-19 patients (Zhang H.-T. et al., 2020).



DIAGNOSIS

Lab diagnosis of SARS-CoV-2 is shown in Table 1, where the chest X-ray shows patchy infiltrates, which may be peripheral or concentrated in the lower lung fields, or maybe interstitial infiltrates, an easily progressive problem involving diffusion and infiltration (Hong et al., 2020). To confirm the diagnosis, and (Real-Time Polymerase Chain Reaction) RT-PCR is conducted on a small amount of viral RNA specimen in the respiratory tract (sputum, swab, aspirate, or lavage), or plasma during the early disease stage (Corman et al., 2020). An RT-PCR is also conducted on the urine and stool at a later stage (Xu X. et al., 2020; Zhang J. J. et al., 2020). The cultivation of a coronavirus is extremely difficult; in fact, such viruses grow only in a human tracheal ring organ culture, except for SARS and MERS, which can easily grow on Vero cell lines (Coleman and Frieman, 2015). Antibodies appear after 1 month from infection, and ELISA and immunofluorescence antibody tests (IFATs) are used as a sociological investigation in the spread of the disease into the population. ELISA and immunofluorescence antibody test (IFAT) is used to detect for sociological investigation, which appears, after 1 month (Addie, 2020). Confirmed cases of SARS-CoV-2 have tested positive regardless of clinical symptoms. Probable cases are considered for those with inconclusive results or when testing cannot be performed under any circumstances (Jian-Min et al., 2020). Suspected cases are referred to as those patients with clinical symptoms, a history of travel to or residing in an infected area, or have had contact with someone with a confirmed or probable case during 14 days or more up to 28 days before the onset of symptoms or with someone with full clinical signs (Giuseppe and Rossella, 2020). Negative cases are considered individuals who have tested negative at least twice within at least a 48-h time interval with a confirmed or probable test result (Jian-Min et al., 2020). CRISPR (Clusters of Regularly Interspaced Short Palindromic Repeats) is a genome-editing tool. it helps in DNA sequences and functions of the gene (Singh et al., 2019; Verma et al., 2019). CRISPR has potential application in the prevention and diagnosis of disease. CRISPR -Cas 9 and its variants-based diagnostic under process. The expert from the United States published CRISPR based diagnosis method for SARS-CoV- in nature Biotechnology (Broughton et al., 2020).


TABLE 1. Types of diagnostic approaches in SARS-CoV-2.
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TREATMENT

The repurposing of drugs is an effective outcome-based treatment that also allows significantly enhancing the drug development process (Senanayake, 2020). Most treatment for SARS-CoV-2 has been based on supportive care such as the use of remdesivir, lopinavir/ritonavir, hydroxychloroquine, convalescent plasma, synthetic antibodies, interferons, low dose steroids, azithromycin, IL-6, IL-1 inhibitors, anti-TNF, and various other support treatments according to the clinical complications of the patients (Tables 2, 3; Wu D. et al., 2020). Ritonavir is an anti-HIV drug, and redeliver is an anti-viral drug previously used against the EBOLA virus. Remdesivir was given to the first United States patient with SARS-CoV-2, who began to improve the very next day (Eastman et al., 2020). Remdesivir is an intravenous drug, which has a broad antiviral activity, inhibiting viral replication through a pre-mature termination of the RNA transcription. This drug has shown an in vitro activity against SARS-CoV-2 and in vitro and in vivo activities against related beta coronaviruses, and the drug blocks RNA dependent polymerases (Cao Y.C. et al., 2020). There are various randomized trials underway to evaluate the efficacy of remdesivir for SARS-CoV-2 infection from moderate to severe cases (Beigel et al., 2020). A large-scale clinical trial is ongoing, and some of the results are shown in Tables 2, 3. Chloroquine and hydroxychloroquine are oral prescription drugs used for the treatment of malaria and various inflammatory clinical complications (Ferner and Aronson, 2020). Chloroquine has been used for malaria treatment and chemoprophylaxis, and hydroxychloroquine has been used for rheumatoid arthritis, systemic lupus erythematosus, and porphyria cutanea treatments (Alia and Grant-Kels, 2020). Both are drugs having in vitro activity against SARS-CoV-2 and other coronaviruses. Hydroxychloroquine has a higher potency against SARS-CoV-2 infection. Chloroquine has been reported to inhibit the in vitro activity of SARS-CoV-2 (Alia and Grant-Kels, 2020). Although published clinical data are limited, hydroxychloroquine in combination with azithromycin is more effective; however, validation is required and clinical trials are ongoing (Yazdany and Kim, 2020). The possibilities of drug toxicity and other clinical side effects should be considered before use. In May of 2020, the WHO stopped the clinical trial of hydroxychloroquine owing to various side effects. Italy, France, Belgium, and other countries also stopped using hydroxychloroquine (Meyerowitz et al., 2020). A study published in the New England Journal of Medicine reported that hydroxychloroquine is of no benefit in SARS-CoV-2 patients (Geleris et al., 2020). In April, the Food Drug Administration (FDA) issued an order to stop using hydroxychloroquine and chloroquine owing to potential cardiac problems (Boulware et al., 2020). Ibuprofen is anti-inflammatory and helps with breathing difficulty in patients. The clinical trial of Ibuprofen started on hospitalized patients with SARS-CoV-2 infections (Sodhi and Etminan, 2020). Monoclonal antibodies were isolated from surviving patients of SARS-CoV-2 and used for testing. During the first week of June in 2020, blood plasma was transferred in approximately 25 patients with SARS-CoV-2 infection at Methodist Hospital in Texas, United States (Salazar et al., 2020). Stem cell-based treatments are also under phase-II and -III clinical trials for use in SARS-CoV-2 infection (Raza and Khan, 2020). Immunosuppressant drugs are also under clinical trials, including baricitinib and an IL-6 inhibitor. In SARS-CoV-2 patients, the immune system becomes overactive and releases a cytokine storm. The FDA has therefore allowed the use of a device that filters cytokines from the blood of patients and improves the immune response. Even in various re-purposed and possibly novel therapies for SARS-CoV-2, developments in the clinical management of the patient is critical. In addition, there are still no future timelines for specific treatment options for SARS-CoV-2 (Zhao, 2020).


TABLE 2. SARS-CoV-2 candidate drug treatments in Phase III-IV trials.
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TABLE 3. Development of SARS-CoV-2 Immunoglobulin based treatments option.

[image: Table 3]Clinicians and researchers are also looking for other options to target the replication or clinical manifestations of SARS-CoV-2. There is an urgent need to develop a sensitive and specific medicine for the various genotypes and stereotypes of SARS-CoV-2, such as cove 229E (HCoV-229E), OC43 (HCoV-OC43), NL63 (HCoV-NL63), and HKU1 (HCoV-HKU1), as shown in Figures 1, 2 (Bleibtreu et al., 2018). Preliminary investigations suggest that RNA a polymerase-based drug may inhibit the multiplication of HCoV infections (Adnan, 2020). There are various possible target RNA-dependent polymerase and helices for application as antiviral developers (Russell et al., 2020), which are produced by a replicase polyprotein and encoded by the ORF at the 5′end and cleaved by 3-C like proteases. The cleavage process occurring during membrane fusion leads to a syncytium formation. The binding of the amino-terminal receptor to the host cell surface leads to conformational changes in the carboxy-terminal, enabling fusion (Li et al., 2020). The structural spike glycoprotein of SARS-CoV-2 can also be targeted. Monoclonal antibodies have been developed using an angiotensin-converting enzyme 2 and are sensitive against SARS-CoV-2 at the site of the amino terminal-receptor binding domain and cause fusion with the host cells (Russell et al., 2020). After completion of SARS-CoV-2 multiplication cycles in the host, a version is released into the extracellular compartment through exocytosis, and viral multiplication cycles are repeated. The structural protein of SARS-CoV-2 may be targeted by small interfering RNA. Existing or earlier used drugs for HCoV-229E, HCoV-OC43, SARS-CoV, and the emerging MERS-curve can be further tested for cytopathies by applying a standard assay (Shen et al., 2019). A known pharmacokinetic and pharmacodynamic immunoglobulin approach may be employed by exploring the efficacy against SARS-CoV-2 (Shen et al., 2019; Li et al., 2020). In addition, a high throughput analysis of existing compounds can be conducted by using a database and expected antiviral activity along with their immunological and physiological efficacy. Genomic and biophysical based drugs can be developed including viral enzyme-based inhibitors. Moreover, all these drug options can be used with patients of SARS-CoV-2.



INHIBITOR OF SARS-CoV-2 Mpro

Recently SARS-CoV-2 Mpro X-ray crystal structure elucidated, which showed with an α-ketoamide as a potent inhibitor in the enzyme’s active site, and screened for several FDA approved antiviral drugs and thereby blocking the active pocket (Kumar et al., 2020; Zhang N. et al., 2020). The structure of SARS-CoV-2 Mpro in the apo form and α-ketoamide bound form shows that the protein makes a crystallographic dimer composed of two monomers of identical conformations. Each protomer is furthermore made up of three domains. The interface of domain I and domain II form the active site of the protein, which is composed of a Cys145-His41 dyad where α -ketoamide derivative bound (Figures 5A,B). Domain I (residues 8–101) and domain II (residues 102–184) have an antiparallel β-barrel structure. Domain III (residues 201–303) contains five α-helices arranged into a largely antiparallel globular cluster, and it is connected to domain II by a long loop region (residues 185–200). SARS-CoV-2 Mpro has a Cys-His catalytic dyad, and the substrate-binding site is located in a cleft between domain I and domain II. These features are similar to previously reported Mpro from other coronaviruses (Anand, 2002; Yang et al., 2003; Xue et al., 2008; Wang et al., 2016; Ren et al., 2020). It is stabilized by several interactions with the active site residues His41 and Cys145 and adjacent residues in substrate binding cleft such as Gly143 and Ser144. Coronaviruses use a chymotrypsin-like a protease (3CLpro) and a papain-like protease (PLpro) to process and cleaves its long polyprotein precursor into individually functional non-structural proteins. The active site residues are thoroughly conserved and make a catalytic Cys145-His41 dyad. The specific subsite residues located in the enzyme active site are named as S1‘, S1, S2, S3, and S4 depending on their relative position to the cleavage site and subsites P1′, P1, P2, P3, and P4 in the polyprotein. Subsite P1 corresponds to the amino acid just before the cleavage site, and position P1 corresponds to the residue immediately after the cleavage site (Anand, 2003; Kiemer et al., 2004). In the Mpro of SARS-CoV-2 active site region, the S1′ residues are contributed by Cys145, Gly143, and Ser144 which also serve as the oxyanion hole. The S1 residue is His163, while Glu166 and Gln189 located at the S2 position. Bulky Gln189 and Pro168 make the S4 site (Figure 5A). The main protease recognizes and binds specific residues at each subsite of the peptide substrate to determine the initiation of proteolysis and the production of non-structural proteins for the formation of the replication-transcription complex.
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FIGURE 5. (A) Cartoon representation of one protomer of the dimeric Mpro–inhibitor complex. (B) Surface presentation of conserved substrate-binding pockets of Mpro from coronaviruses. The key residues that form the binding pocket are shown in sticks, conserved substitution in Mpro of more than one of the coronaviruses. S1, S2, S4, and S1′ subsites are indicated.


A previous study proposed that Mpro has a substrate-recognition pocket that is highly conserved among all coronaviruses and that this pocket could serve as a drug target for the design of broad-spectrum inhibitors. The recent discovery of new coronaviruses, and the accumulation of structural data for Mpro from coronaviruses of various species, provided the opportunity to further examine this hypothesis. Crystal structures of Mpro revealed that (Xue et al., 2008; Wang et al., 2016; Ren et al., 2020) most variable regions are the helical domain III and surface loops, and that the substrate-binding pocket (located in a cleft between domain I and domain II) is highly conserved among Mpro in all coronaviruses; this suggests that antiviral inhibitors targeting this pocket should have wide-spectrum activity against coronaviruses as shown in Figure 5B.



DEVELOPMENT OF MERS-CoV VACCINES

SARS-CoV-2 has caused a global public health crisis, and a vaccine urgently needs to be developed. An effective vaccine will also help control the pandemic situation of the emerging SARS virus and act as an effective treatment against its genotypes and stereotypes (Figure 2; Pawelec and Weng, 2020). Researchers have also been investigating live-attenuated vaccines against SARS in animal models, which may be helpful for SARS-CoV-2 (Aurélien et al., 2020). There are three possible targets for the development of a SARS-CoV-2 vaccine. Everyone has different types of immunity level l, particularly during old age and in children or those suffering a non-communicable disease, and it is therefore highly difficult to optimize a single vaccine for all age groups. RNA-based SARS-CoV-2 vaccines are also in development (Table 4). Adjuvants may help enhance the immune response when such vaccines are administered to older populations and may reduce the amount of RNA needed in each vaccine (Hotez et al., 2020). After the Wuhan outbreak, Chinese scientists published the genome sequence of SARS-CoV-2 and started designing a vaccine. Traditional methods required an actual sample of the virus. When an inactivated virus is injected into the body, the immune system is recognized as an antigen. Vaccines can be used as antigens in the body to protect against SARS-CoV-2 (Ojha et al., 2020). For vaccine development, a rapid response after direct injection of antigen into the body is required. These types of vaccines typically send instructions into the cell of the body. Because the cells produce an antigen protein specific to the virus a suitable design is needed. These instructions are in the form of RNA or DNA 19 (Zhang N. et al., 2020). The molecules contain the code for different proteins. This process requires a shorter development time because we do not need to grow the entire virus. Scientists have tried to replicate a SARS-CoV-2-like sequence designed like a cassette tray and slot for use in new virus antigens. Scientists have tried to like COVID-19 that sequence designed like cassette trey and slut in new virus antigens. To deal with SARS-CoV-2, CEPI is funding several teams globally, each independently working from a plate form model. As a nucleic acid-based candidate, NIH (United States) is developing a vaccine on an mRNA platform. They applied a conventional approach using the body’s cells rather than a lab test producing antigenic proteins, that’s been once made by like SARS-CoV-2. The host immune system then stimulates and develops antibodies to SARS-CoV-2. It can immediately recognize SARS-CoV-2 later and prevent the person from becoming sick. Scientists are also currently working on preventing sickness from SARS-CoV-2 (Wang F. et al., 2020). As the race for a novel and viable vaccine continues for all age groups, we do not know how bad the situation will become. Hopefully, a vaccine will soon be ready for distribution. Normally, a vaccine takes years to reach the clinical stage. However, researchers are working hard using high throughput analyses to identify the SARS-CoV-2 sequence. A small genetic sequence of the virus, received globally, is applied, and a computer algorithm scans the sequence to find tiny motifs in the DNA. A strong immune response is needed to fight against SARS-CoV-2. The moment the genetic code for the 2019 novel coronavirus was released by the Chinese government, the team at INOVIO Pharmaceuticals in California, United States began developing a new DNA medicine to kill it (Arnold, 2020). They identified, such motifs, inserted another piece of plasmid, and amplified it using bacteria to create new DNA. They then purified the DNA and injected it into completely healthy cells of a human body. This DNA acts as a map or picture of the human body. It finds the SARS-CoV-2 and attacks and kills it. There is nothing on the market yet for DNA medicines. This will be ready for human clinical trials by the end of June 2020. Since 2016, Migal Galilee Research Institute, an Israeli company, has been working on a poultry coronavirus. According to an expert in this field, poultry coronaviruses are similar to human coronaviruses, and they are more likely to produce a SARS-CoV-2 vaccine in a short period (Hodgson, 2020). Researchers are optimistic about overcoming the major challenges and safety issues. Recent developments in vaccines against SARS-CoV-2 are shown in Table 4.


TABLE 4. Tabular representation of ongoing clinical studies of vaccines for SARS-CoV-2.
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EPIDEMIOLOGY

Most of the Wuhan cases had links with the wet seafood market. The etiology was studied in a patient who was admitted to a health center and similar types of clinical signs and symptoms were found (Gangqiang et al., 2020). Approximately 40 days later, it was determined that the virus belongs to group 2 coronaviruses of bats and was 70% like the genome of SARS-CoV (Chen W. H. et al., 2020). SARS-CoV-2 is closely related to bat coronaviruses, pangolin coronaviruses, and SARS-CoV. The genome and genetic shift of such coronaviruses are shown in Figure 2. A similar type of outbreak occurred during the middle of January of 2003 until the last week of February of the same year, during the Spring Festival, or Lunar New Year, in China (Ali et al., 2020). This newest outbreak also peaked between the first and third weeks of January 2020 (Wu P. et al., 2020). The number of travelers increased by approximately 1.7-fold during the holiday. This is also one of the reasons for the spread of SARS-CoV-2 and difficulty in identifying the disease (Jiang et al., 2020). The first person with SARS-CoV-2 symptoms was observed earlier on December 1, 2019, but was not associated with the seafood market in Wuhan. In the early stage of the cluster, two-thirds of the cases were associated with the wet market (Chan et al., 2020). On March 13, 2020, a non-authenticated report from South China Morning Post stated that a 55-year-old from Hubei was the first observed case on November 17, 2019 (Chan et al., 2020). The fatality was recorded at a rate of 2.3%. The maximum number of cases was observed on February 12, 2020; owing to modifications in the diagnosis, the classification of 13,332 (rather than laboratory) confirmed cases were all recorded as new cases on February 12, 2020, despite being diagnosed during the preceding days and weeks as per the WHO on March 11, 2020. SARS-CoV-2 is affecting more than 185 countries throughout the world. New cases in new countries are still occurring. For the distribution of cases worldwide, 80,849 (51.36%) cases were observed in mainland China, and 76,562 (48.64%) cases were recorded in the rest of the world. On March 11, 2020, the WHO declared a pandemic and the total number of cases increased globally. Positive cases are considered in individuals who have been tested positive for SARS-CoV-2 as per the standard guidelines of the WHO and CDC (Operations Dashboard for ArcGIS, 18 April 2020). During the early stage up to January 23, 2020, approximately 86% of SARS-CoV-2 infected individuals had not been detected, and these infected people were the source for approximately 79% of the later confirmed cases. The numbers of infected people are higher in many countries than the number of reported cases (Li et al., 2020). According to reports published by various countries, testing data showed that an average of 1.4% of their total populations had been infected (Li et al., 2020). Based on preliminary results, 15% tested positive for antibodies in Gageite, North Rhine-Westphalia, Germany. Mothers and pregnant women in New York City also tested positive against SARS-CoV-2, which also suggests that the number of cases presented globally was higher than previously confirmed (Streeck, 2020). A low number of cases were observed in China for those below 20 years of age, however (Sutton et al., 2020). It is not clear whether this is due to less developed symptoms or a smaller number of infections (China: Age distribution of novel coronavirus patients, 2020). In a China-based study, children were infected by adults, which needs to be validated (Bi et al., 2020). In the current stage, the basic reproduction number (Ro) of SARS-CoV-2 is 5.7, although in January 2020 it was approximately 2.5 (Ward, 2020). This may vary by population and country (Sanche et al., 2020). It is expected that by the third week of May 2020, the value will be 1.0 in many countries. Most infected individuals have recovered and the onset of symptoms and death is 6 to 14 days (Worldwide Sars-Cov-2 Statistics, 2020). Death due to SARS-CoV-2 is considered as a patient who has died after testing positive, according to the WHO and CDC guidelines (New York Times, January 23, 2020).

On January 9, 2020, the first confirmed death from SARS-CoV-2 was reported in China, and the first death outside China was reported on February 1, 2020, in the Philippines (Rothan and Byrareddy, 2020). On February 14, 2020, the first death outside Asia was reported in France. On February 5, 2020, approximately 80% of deaths in China were recorded in those above 60 years in age, with cardiovascular disease, diabetes, or in immunocompromised individuals (Johns Hopkins University SARS-CoV-2 Dataset, April 25, 2020). In some countries, the death rate is higher than normal, such as in the United States (New York City), France (Paris), and Italy. The high mortality rate may be due to strained medical facilities (Coronavirus: Is SARS-CoV-2 cause of all the fatalities in Italy, April 16, 2020). According to data available on the Johns Hopkins University website, the global death rate is 6.8%, which may vary by country. The global case fatality rate is 0.82% and the infection fatality rate is 0.1%, which may vary by country according to the University of Oxford’s Centre for Evidence-Based Medicine (Oke and Heneghan, 2020).



PREVENTION

Suspected individuals should be monitored, and their health status, such as fever and difficulty in breathing, should be recorded. In case of any relevant symptoms, the individual should be isolated immediately, and nucleic acid detection for SARS-CoV-2 should be performed using an appropriate sample. Healthy individuals are advised to avoid traveling to disease outbreak areas. In general, people should stay away from crowded places and maintain more than 6 feet or 2 m from anyone with symptoms (Gangqiang et al., 2020). Wearing a surgical mask is recommended owing to the general risk of obtaining SARS-CoV-2, and hand washing is a key and should be done using soap or an alcohol-based hand sanitizer. Besides, people should avoid touching their eyes, nose, or mouth, which are known as the T-Zone and are common entry points for the viruses in the body. For healthcare workers around patients with SARS-CoV-2 (WHO, 2020; Worldwide Sars-Cov-2 Statistics, 2020), the recommendations are to avoid respiratory droplets and take precautions, which include wearing personal protective gear such as a clean and dry surgical mask and gloves, long sleeve gowns, and eye protection including goggles or a face shield (Eurosurveillance editorial team, 2020). When conducting procedures that result in aerosol-like tracheal intubation, cardiopulmonary resuscitation, or non-invasive ventilation, it is important to wear an N-95 respirator, which prevents 95% of small particles such as respiratory droplets from passing through (Güner et al., 2020).


Prospects

Like any other disease model, the forecast of SARS-CoV-2 aims to determine when the outbreak will stop and how many people suffer or die. We need to employ novel efforts rather than generating premature investigations. Researchers have been working tirelessly since the first phase of the epidemic. At the same time, it is also necessary to develop advanced models to handle the presently available data. Scott Layne, an epidemiologist at the University of California, Los Angeles has proposed a new data bank. In addition, bioinformatician investigators are working to compile a dataset and build an algorithm. Scientists from the University of Montreal have also published chest X-ray and CT scan data for use by other researchers. Johns Hopkins University has developed a server that is regularly updated for further research on the vaccine and drug development. Researchers from Shanghai have developed a server for checking CT scan images to reduce the diagnosis (Zhang Z. et al., 2020). Researchers from the United States have claimed to have identified the effects of SARS-CoV-2 in the lungs during active infection. Wang Y. et al. (2020) has developed an auditory system-based SARS-CoV-2 detection, which is based on the breathing rate. Although this investigation has not yet been validated, the idea is sound. In addition, investigators in Wuhan, China have developed a heath calculator using nearly 3,000 electronic health records from patients, achieving more than 90% accuracy (Butt et al., 2020). Some clinicians have used anti-HIV medicine to cure SARS-CoV-2 patients, although other scientists have suggested that nanoparticle-based medicine would be more effective to fight against SARS-CoV-2 (Yan et al., 2020). Many scientists are also working on theragnostic-based approaches. To avoid research gaps in SARS-CoV-2, clinical, and public health strategies need to be implemented using more advanced tools and approaches with international cooperation. Some key points should be monitored for strategic prevention, such as a strategy for identifying contact with infected individuals, the range of virus mutation at the global level, the identification of super spreaders, the association of disease progression level of viral contagion after recovery of positive patents, immunity level between severe and non-severe cases, the immunopathological mechanism of mucous hypersecretion with a cytokine storm, effective clinical biomarkers, effective implication of artificial intelligence, identification of the optimal incubation period, and the development of cost-effective diagnosis treatment and vaccines. There is an urgent requirement to recognize and eliminate any barriers that would affect rapid patient care and public health management against the SARS-CoV-2 pandemic. Furthermore, improved effectiveness in care is urgently needed and a new approach to international coordination is required.



AUTHOR CONTRIBUTIONS

DDS and DKY conceived and designed the project. IH, E-HC, and DKY collected the data from the literature. DDS, IH, E-HC, and DKY analyzed the data and wrote the manuscript. All authors contributed to the interpretation and discussion of the results, and read and approved the final version of the manuscript.



FUNDING

DKY was thankful to the Basic Science Research Program of the National Research Foundation of Korea (NRF), funded by the Ministry of Education, Science, and Technology, who supported this study (No. 2017R1C1B2003380). This research was also partially supported by the Leading Foreign Research Institute Recruitment Program through the National Research Foundation of Korea (NRF) funded by the Korea government (MSIP) (NRF-2016K1A4A3914113).



ACKNOWLEDGMENTS

DDS is thankful to Amity Institute of Biotechnology and Amity Institute of Microbial Technology, Amity University Jaipur, Rajasthan, India. DKY is thankful to Gachon Institute of Pharmaceutical Science and the Department of Pharmacy, College of Pharmacy, Gachon University of Medicine and Science, Incheon, South Korea for providing the computational modeling facility. We are also thankful to Chandni Gupta for arranging the references.



REFERENCES

Abd El-Aziz, T. M., and Stockand, J. D. (2020). Recent progress and challenges in drug development against SARS-COV-2 coronavirus (SARS-CoV-2) - an update on the status. Infect. Genet Evol. 83:104327. doi: 10.1016/j.meegid.2020.104327

Abed, Y., Fage, C., Checkmahomed, L., Venable, M.-C., and Boivin, G. (2020). Characterization of contemporary influenza B recombinant viruses harboring mutations of reduced susceptibility to baloxavir marboxil, in vitro and in mice. Antiviral Res. 179:104807. doi: 10.1016/j.antiviral.2020.104807

Addie, D. D. (2020). Feline Coronavirus and Feline Infectious Peritonitis Diagnosis and Prevention. Available online at: catvirus.com

Addie, D. D., le Pode, R S., Burr, P., Decaro, N., Graham, E., and Hofmann-Lehmann, R. (2020). Utility of feline coronavirus antibody tests. J. Feline Med. Surg. 17, 152–162. doi: 10.1177/1098612X14538873

Adnan, S. (2020). Novel coronavirus-induced NLRP3 inflammasome activation: a potential drug target in the treatment of SARS-COV-2. Front. Immunol. 11:1021. doi: 10.3389/fimmu.2020.01021

Ali, A., Areeba, A., and Sana, H. (2020). Comparison of epidemiological variations in SARS-COV-2 Patients inside and outside of china—a meta-analysis. Front. Public Health 8:193. doi: 10.3389/fpubh.2020.00193

Alia, E., and Grant-Kels, J. M. (2020). Does hydroxychloroquine combat SARS-COV-2? A timeline of evidence. J. Am. Acad. Dermatol. 83, e33–e34. doi: 10.1016/j.jaad.2020.04.031

Anand, K. (2002). Structure of coronavirus main proteinase reveals combination of a chymotrypsin fold with an extra alpha-helical domain. EMBO J. 21, 3213–3224. doi: 10.1093/emboj/cdf327

Anand, K. (2003). Coronavirus main proteinase (3CLpro) structure: basis for design of Anti-SARS Drugs. Science 300, 1763–1767. doi: 10.1126/science.1085658

Arnold, C. (2020). Race for a vaccine. New Sci. 245, 44–47. doi: 10.1016/s0262-4079(20)30600-x

Aurélien, M., Lucie, H., Jean-Luc, S., Jean-Philippe, L., and Michel, B. (2020). Therapeutic options for SARS-COV-2 -modulation of type I interferon response as a promising strategy? Cureus 12:e10480. doi: 10.3389/fpubh.2020.00185

Azin, T., Mahta, A., Yeganeh, F., Parnian, J., Saba, H., Tess, M. C., et al. (2020). Clinical features, diagnosis, and treatment of SARS-COV-2 in hospitalized patients: a systematic review of case reports and case series. Front. Med. 7:231. doi: 10.3389/fmed.2020.00231

Baig, A. M., Khaleeq, A., Ali, U., and Syeda, H. (2020). Evidence of the SARS-COV-2 virus targeting the CNS: tissue distribution, host-virus interaction, and proposed neurotropic mechanisms. ACS Chem. Neurosci. 11, 995–998. doi: 10.1021/acschemneuro.0c00122

Beigel, J. H., Tomashek, K. M., Dodd, L. E., Mehta, A. K., Zingman, B. S., Kalil, A. C., et al. (2020). Remdesivir for the treatment of SARS-CoV-2 - preliminary report. New Engl. J. Med. 2020:NEJMoa2007764. doi: 10.1056/NEJMoa2007764

Belouzard, S., Millet, J. K., Licitra, B. N., and Whittaker, G. R. (2012). Mechanisms of coronavirus cell entry mediated by the viral spike protein. Viruses 4, 1011–1033. doi: 10.3390/v4061011

Bernard Stoecklin, S., Rolland, P., Silue, Y., Mailles, A., Campese, C., Simondon, A., et al. (2020). First cases of coronavirus disease 2019 (SARS-COV-2) in France: surveillance, investigations and control measures, January 2020. Eur. Commun. Dis. Bull. 25:2000094. doi: 10.2807/1560-7917.ES.2020.25.6.2000094

Bi, Q., Wu, Y., Mei, S., Ye, C., Zou, X., Zhang, Z., et al. (2020). Epidemiology and transmission of SARS-COV-2 in 391 cases and 1286 of their close contacts in Shenzhen, China: a retrospective cohort study. Lancet 202:287. doi: 10.1016/S1473-3099(20)30287-5

Bleibtreu, A., Jaureguiberry, S., Houhou, N., Boutolleau, D., Guillot, H., Vallois, D., et al. (2018). Clinical management of respiratory syndrome in patients hospitalized for suspected Middle East respiratory syndrome coronavirus infection in the Paris area from 2013 to 2016. BMC Infect. Dis. 18:331. doi: 10.1186/s12879-018-3223-5

Boulware, D. R., Pullen, M. F., Bangdiwala, A. S., Pastick, K. A., Lofgren, S. M., Okafor, E. C., et al. (2020). A randomized trial of hydroxychloroquine as postexposure prophylaxis for Covid-19. New Engl. J. Med. 383, 517–525. doi: 10.1056/NEJMoa2016638

Broughton, J. P., Deng, X., Yu, G., Clare, L. F., Venice, S., Jasmeet, S., et al. (2020). CRISPR-Cas12-based detection of SARS-CoV-2. Nat. Biotechnol. 38, 870–874. doi: 10.1038/s41587-020-0513-4

Butt, C., Gill, J., Chun, D., and Babu, B. A. (2020). Deep learning system to screen coronavirus disease 2019 pneumonia. Appl. Intellig. 22, 1–7. doi: 10.1007/s10489-020-01714-3

Cao, B., Wang, Y., Wen, D., Liu, W., Wang, J., Fan, G., et al. (2020). A trial of lopinavir-ritonavir in adults hospitalized with severe SARS-CoV-2. N. Engl. J. Med. 382, 1787–1799. doi: 10.1056/NEJMoa2001282

Cao, Y. C., Deng, Q. X., and Dai, S. X. (2020). Remdesivir for severe acute respiratory syndrome coronavirus 2 causing SARS-COV-2: an evaluation of the evidence. Travel Med. Infect. Dis. 35:101647. doi: 10.1016/j.tmaid.2020.101647

Chan, J. F.-W., Yuan, S., Kok, K.-H., To, K. K.-W., Chu, H., Yang, J., et al. (2020). A familial cluster of pneumonia associated with the 2019 novel coronavirus indicating person-to-person transmission: a study of a family cluster. Lancet 395, 514–523.

Chan, J. W. M., Ng, C. K., Chan, Y. H., Lee, S., Chu, S., Law, W., et al. (2003). Short term outcome and risk factors for adverse clinical outcomes in adults with severe acute respiratory syndrome (SARS). Thorax 58, 686–689.

Chan-Yeung, M., and Xu, R. H. (2003). SARS: epidemiology. Respirology 8(Suppl.), S9–S14. doi: 10.1046/j.1440-1843.2003.00518

Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Yang, H., et al. (2020). Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet 395, 507–513.

Chen, W. H., Strych, U., Hotez, P. J., and Bottazzi, M. E. (2020). The SARS-CoV-2 vaccine pipeline: an overview. Curr. Trop. Med. Rep. 2020, 1–4. doi: 10.1007/s40475-020-00201-6

Chen, X., and Yu, B. (2020). First two months of the 2019 Coronavirus disease (SARS-COV-2) epidemic in China: real-time surveillance and evaluation with a second derivative model. Glob. Health Res. Policy 5:7. doi: 10.1186/s41256-020-00137-4

Coenen, S., van der Velden, A. W., Cianci, D., Goossens, H., Bongard, E., Saville, B. R., et al. (2020). Oseltamivir for coronavirus illness: post-hoc exploratory analysis of an open-label, pragmatic, randomised controlled trial in European primary care from 2016 to 2018. Br. J. Gen. Pract. 70, e444–e449. doi: 10.3399/bjgp20X711941

Coleman, C. M., and Frieman, M. B. (2015). Growth and quantification of MERS-CoV infection. Curr. Protoc. Microbiol. 37, 11–15. doi: 10.1002/9780471729259.mc15e02s37

Corman, V. M., Landt, O., Kaiser, M., Molenkamp, R., Meijer, A., Chu, D., et al. (2020). Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eur. Commun. Dis. Bull. 25:2000045. doi: 10.2807/1560-7917.ES.2020.25.3.2000045

Cowling, B. J., and Leung, G. M. (2020). Epidemiological research priorities for public health control of the ongoing global novel coronavirus (2019-nCoV) outbreak. Eur. Commun. Dis. Bull. 25:2000110. doi: 10.2807/1560-7917.ES.2020.25.6.2000110

Cui, P., Chen, Z., Wang, T., Dai, J., Zhang, J., Ding, T., et al. (2020). Severe acute respiratory syndrome coronavirus 2 detection in the female lower genital tract. Am. J. Obstetr. Gynecol. 223, 131–134. doi: 10.1016/j.ajog.2020.04.038

Du, Y., Tu, L., Zhu, P., Mu, M., Wang, R., Yang, P., et al. (2020). Clinical features of 85 Fatal cases of SARS-COV-2 from Wuhan. A retrospective observational study. Am. J. Respirat. Crit. Care Med. 201, 1372–1379. doi: 10.1164/rccm.202003-0543OC

Eastman, R. T., Roth, J. S., Brimacombe, K. R., Simeonov, A., Shen, M., Patnaik, S., et al. (2020). Remdesivir: a review of its discovery and development leading to emergency use authorization for treatment of SARS-COV-2. ACS Cent. Sci. 6, 672–683. doi: 10.1021/acscentsci.0c00489

Elena, C., Carmine, V., and Annibale, A. P. (2020). SARS-COV-2 infection and circulating ACE2 levels: protective role in women and children. Front. Pediatr. 8:206. doi: 10.3389/fped.2020.00206

Eurosurveillance editorial team (2020). Note from the editors: novel coronavirus (2019-nCoV). Eurosurveillance 25:2001231. doi: 10.2807/1560-7917.Es.2020.25.3.2001231

Feng, L., Wang, Q., Shan, C., Yang, C., Feng, Y., Wu, J., et al. (2020). An adenovirus-vectored COVID-19 vaccine confers protection from SARS-COV-2 challenge in rhesus macaques. Nat. Commun. 11:4207. doi: 10.1038/s41467-020-18077-5

Feng, Y., Ling, Y., Bai, T., Xie, Y., Huang, J., Li, J., et al. (2020). SARS-COV-2 with different severities: a multicenter study of clinical features. Am. J. Respir. Crit. Care Med. 201, 1380–1388. doi: 10.1164/rccm.202002-0445OC

Ferner, R. E., and Aronson, J. K. (2020). Chloroquine and hydroxychloroquine in SARS-CoV-2. BMJ 369:m1432. doi: 10.1136/bmj.m1432

Folegatti, P. M., Ewer, K. J., Aley, P. K., Angus, B., Becker, S., Belij-Rammerstorfer, S., et al. (2020). Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: a preliminary report of a phase 1/2, single-blind, randomised controlled trial. Lancet 396, 467–478. doi: 10.1016/s0140-6736(20)31604-4

Frederiksen, L. S. F., Zhang, Y., Foged, C., and Thakur, A. (2020). The long road toward COVID-19 herd immunity: vaccine platform technologies and mass immunization strategies. Front. Immunol. 11:1817. doi: 10.3389/fimmu.2020.01817

Funk, C. D., Laferrière, C., and Ardakani, A. (2020). A snapshot of the global race for vaccines targeting SARS-CoV-2 and the COVID-19 pandemic. Front. Pharmacol. 11:937. doi: 10.3389/fphar.2020.00937

Gangqiang, G., Lele, Y., Kan, P., Yu, C., Dong, X., and Kejing, Y. (2020). New insights of emerging SARS-CoV-2:epidemiology, etiology, clinical features, clinical treatment and prevention. Front. Cell Dev. Biol. 8:410. doi: 10.3389/fcell.2020.00410

Ge, X. Y., Li, J. L., Yang, X. L., Chmura, A. A., Zhu, G., Epstein, J. H., et al. (2013). Isolation and characterization of a bat SARS-like coronavirus that uses the ACE2 receptor. Nature 503, 535–538. doi: 10.1038/nature12711

Geleris, J., Sun, Y., Platt, J., Zucker, J., Baldwin, M., Hripcsak, G., et al. (2020). Observational study of hydroxychloroquine in hospitalized patients with Covid-19. New Engl. J. Med. 382, 2411–2418. doi: 10.1056/NEJMoa2012410

Giuseppe, D. L., and Rossella, D. T. (2020). Coronavirus disease (SARS-COV-2) in Italy: analysis of risk factors and proposed remedial measures. Front. Med. 7:140. doi: 10.3389/fmed.2020.00140

Goossens, G. A. (2015). Flushing and locking of venous catheters: available evidence and evidence deficit. Nurs. Res. Pract. 2015:985686. doi: 10.1155/2015/985686

Gordon, C. J., Tchesnokov, E. P., Feng, J. Y., Porter, D. P., and Götte, M. (2020). The antiviral compound remdesivir potently inhibits RNA-dependent RNA polymerase from Middle East respiratory syndrome coronavirus. J. Biol. Chem. 295, 4773–4779. doi: 10.1074/jbc.AC120.013056

Güner, R., Hasanoğlu, I., and Aktaş, F. (2020). SARS-COV-2: prevention and control measures in community. Turk. J. Med. Sci. 50, 571–577. doi: 10.3906/sag-2004-146

Hodgson, J. (2020). The pandemic pipeline. Nat. Biotechnol. 38, 523–532. doi: 10.1038/d41587-020-00005-z

Hong, K. H., Lee, S. W., Kim, T. S., Hee, J., Lee, J., Kim, S. Y., et al. (2020). Guidelines for laboratory diagnosis of coronavirus disease 2019 (SARS-COV-2) in Korea. Ann. Lab. Med. 40, 351–360. doi: 10.3343/alm.2020.40.5.351

Horby, P. (2020). Dexamethasone in hospitalized patients with Covid-19-preliminary report. New Engl. J. Med. doi: 10.1056/NEJMoa2021436

Hotez, P. J., Corry, D. B., and Bottazzi, M. E. (2020). SARS-COV-2 vaccine design: the Janus face of immune enhancement. Nat. Rev. Immunol. 20:347.

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395, 497–506.

Huang, D., Yu, H., Wang, T., Yang, H., Yao, R., and Liang, Z. (2020). Efficacy and safety of umifenovir for coronavirus disease 2019 (COVID-19): a systematic review and meta-analysis. J. Med. Virol. 2020:jmv.26256. doi: 10.1002/jmv.26256

Jackson, L. A., Anderson, E. J., Rouphael, N. G., Roberts, P. C., Makhene, M., Coler, R. N., et al. (2020). An mRNA vaccine against SARS-CoV-2-preliminary report. New Engl. J. Med. doi: 10.1056/NEJMoa2022483

Jeong, G. U., Song, H., Yoon, G. Y., Kim, D., and Kwon, Y.-C. (2020). Therapeutic strategies against COVID-19 and structural characterization of SARS-CoV-2: a review. Front. Microbiol. 11:1723. doi: 10.3389/fmicb.2020.01723

Jiang, F., Deng, L., Zhang, L., Cai, Y., Cheung, C. W., and Xia, Z. (2020). Review of the clinical characteristics of Coronavirus disease 2019 (SARS-COV-2). J. Gen. Intern. Med. 35, 1545–1549. doi: 10.1007/s11606-020-05762-w

Jian-Min, J., Peng, B., Wei, H., Fei, W., Li, X. F., Shi, L., et al. (2020). Gender differences in patients with SARS-COV-2: focus on severity and mortality. Front. Public Health 8:152. doi: 10.3389/fpubh.2020.00152

Kamat, S., and Kumari, M. (2020). BCG against SARS-CoV-2: second youth of an old age vaccine? Front. Pharmacol. 11:1050. doi: 10.3389/fphar.2020.01050

Keech, C., Albert, G., Cho, I., Robertson, A., Reed, P., Neal, S., et al. (2020). Phase 1-2 trial of a SARS-CoV-2 recombinant spike protein nanoparticle vaccine. New Engl. J. Med. 21:44. doi: 10.1056/NEJMoa2026920

Khan, G. (2013). A novel coronavirus capable of lethal human infections: an emerging picture. Virol. J. 10:66. doi: 10.1186/1743-422X-10-66

Kiemer, L., Lund, O., Brunak, S., and Blom, N. (2004). Blom Coronavirus 3CLproproteinase cleavage sites: possible relevance to SARS virus pathology. BMC Bioinform. 5:72. doi: 10.1186/1471-2105-5-72

Kruse, R. L. (2020). Therapeutic strategies in an outbreak scenario to treat the novel coronavirus originating in Wuhan, China. F1000Research 9:72. doi: 10.12688/f1000research.22211.2

Kumar, Y., Singh, H., and Patel, C. N. (2020). In silico prediction of potential inhibitors for the main protease of SARS-CoV-2 using molecular docking and dynamics simulation based drug-repurposing. J. Infect. Public Health 13, 1210–1223. doi: 10.1016/j.jiph.2020.06.016

Lau, S. K., Li, K. S., Huang, Y., Shek, C. T., Tse, H., Wang, M., et al. (2010). Ecoepidemiology and complete genome comparison of different strains of severe acute respiratory syndrome-related Rhinolophus bat coronavirus in China reveal bats as a reservoir for acute, self-limiting infection that allows recombination events. J. Virol. 84, 2808–2819. doi: 10.1128/JVI.02219-09

Lau, S. K., Li, K. S., Tsang, A. K., Lam, C. S., Ahmed, S., Chen, H., et al. (2013). Genetic characterization of Betacoronavirus lineage C viruses in bats reveals marked sequence divergence in the spike protein of pipistrellus bat Coronavirus HKU5 in Japanese pipistrelle: implications for the origin of the novel Middle East respiratory syndrome Coronavirus. J. Virol. 87, 8638–8650. doi: 10.1128/JVI.01055-13

Letko, M., Marzi, A., and Munster, V. (2020). Functional assessment of cell entry and receptor usage for SARS-CoV-2 and another lineage B Betacoronaviruses. Nat. Microbiol. 5, 562–569. doi: 10.1038/s41564-020-0688-y

Li, K., Wu, J., Wu, F., Guo, D., Chen, L., Fang, Z., et al. (2020). The clinical and chest CT features associated with severe and critical SARS-COV-2 pneumonia. Invest. Radiol. 55, 327–331. doi: 10.1097/RLI.0000000000000672

Liu, B., Li, M., Zhou, Z., Guan, X., and Xiang, Y. (2020). Can we use interleukin-6 (IL-6) blockade for coronavirus disease 2019 (SARS-COV-2)-induced cytokine release syndrome (CRS)? J. Autoimmun. 111:102452. doi: 10.1016/j.jaut.2020.102452

Liu, K., Chen, Y., Lin, R., and Han, K. (2020). Clinical features of SARS-COV-2 in elderly patients: a comparison with young and middle-aged patients. J. Infect. 80, e14–e18. doi: 10.1016/j.jinf.2020.03.005

Liu, H., Liu, F., Li, J., Zhang, T., Wang, D., and Lan, W. (2020). Clinical and CT imaging features of the SARS-COV-2 pneumonia: Focus on pregnant women and children. J. Infect. 80, e7–e13. doi: 10.1016/j.jinf.2020.03.007

Matthay, M. A., Zemans, R. L., Zimmerman, G. A., Arabi, Y. M., Beitler, J. R., Mercat, A., et al. (2019). Acute respiratory distress syndrome. Nat. Rev. Dis. Prim. 5:572. doi: 10.1038/s41572-019-0069-0

Maurya, C. K., Misra, R., Sharma, P., Singh, N., Awasthi, H., Agrawal, R., et al. (2020). Novel stem cells and nucleic acid-based vaccine trials against viral outbreak: a systematic evaluation during COVID-2019 pandemic. Indian J. Clin. Biochem. 35, 397–409. doi: 10.1007/s12291-020-00907-4

McBride, R., van Zyl, M., and Fielding, B. C. (2014). The coronavirus nucleocapsid is a multifunctional protein. Viruses 6, 2991–3018. doi: 10.3390/v6082991

Meyerowitz, E. A., Vannier, A., Friesen, M., Schoenfeld, S., Gelfand, J. A., Callahan, M. V., et al. (2020). Rethinking the role of hydroxychloroquine in the treatment of SARS-COV-2. FASEB J. 34, 6027–6037. doi: 10.1096/fj.202000919

Narayanan, K., Ramirez, S. I., Lokugamage, K. G., and Makino, S. (2015). Coronavirus nonstructural protein 1: common and distinct functions in the regulation of host and viral gene expression. Virus Res. 202, 89–100. doi: 10.1016/j.virusres.2014.11.019

Ng, W. H., Liu, X., and Mahalingam, S. (2020). Development of vaccines for SARS-CoV-2. F1000Research 9:25998. doi: 10.12688/f1000research.25998

Ojha, R., Gupta, N., Naik, B., Singh, S., Verma, V. K., Prusty, D., et al. (2020). High throughput and comprehensive approach to develop multiepitope vaccine against minacious SARS-COV-2. Eur. J. Pharmaceut. Sci. 151:105375. doi: 10.1016/j.ejps.2020.105375

Oke, J., and Heneghan, C. (2020). Global Covid-19 Case Fatality Rates; Centre for Evidence-Based Medicine. Oxford: Oxford University.

Owusu, M., Annan, A., Corman, V. M., Larbi, R., Anti, P., Drexler, J. F., et al. (2014). Human coronaviruses associated with upper respiratory tract infections in three rural areas of Ghana. PLoS One 9:e99782. doi: 10.1371/journal.pone.0099782

Pawelec, G., and Weng, N. P. (2020). Can an effective SARS-CoV-2 vaccine be developed for the older population? Immun. Age 17:8. doi: 10.1186/s12979-020-00180-2

Puja, M., McAuley, D. F., Brown, M., Sanchez, E., Tattersall, R. S., and Manson, J. J. (2020). COVID-19: consider cytokine storm syndromes and immunosuppression. Cell Stress 395, 1033–1034. doi: 10.1016/S0140-6736(20)30628-0

Rabaan, A. A., Al-Ahmed, S. H., Sah, R., Tiwari, R., Yatoo, M. I., Patel, S. K., et al. (2020). SARS-CoV-2/COVID-19 and advances in developing potential therapeutics and vaccines to counter this emerging pandemic. Ann. Clin. Microbiol. Antimicrob. 19:38. doi: 10.1186/s12941-020-0038

Raoult, D., Zumla, A., Locatelli, F., Ippolito, G., and Kroemer, G. (2020). Coronavirus infections: epidemiological, clinical and immunological features and hypotheses. Cell Stress 4, 66–75. doi: 10.15698/cst2020.04.216

Raza, S. S., and Khan, M. A. (2020). Mesenchymal stem cells: a new front emerge in COVID19 treatment. Cytotherapy doi: 10.1016/j.jcyt.2020.07.002 [Epub ahead of print].

Ren, Z., Yan, L., Zhang, N., Guo, Y., Yang, C., Lou, Z., et al. (2020). The newly emerged SARS-Like coronavirus HCoV-EMC also has an “Achilles’ heel”: current effective inhibitor targeting a 3C-like protease. Protein Cell 4, 248–250. doi: 10.1007/s13238-013-2841-3

Rothan, H. A., and Byrareddy, S. N. (2020). The epidemiology and pathogenesis of coronavirus disease (SARS-COV-2) outbreak. J. Autoimmun. 109:102433. doi: 10.1016/j.jaut.2020.102433

Russell, C. D., Millar, J. E., and Baillie, J. K. (2020). Clinical evidence does not support corticosteroid treatment for 2019-nCoV lung injury. Lancet 395, 473–475.

Sae-im, J. (2020). Bukwang to test its antiviral drug against Covid-19. Korea Biomedical Rev. Available online at: http://www.koreabiomed.com/news/articleView.html?idxno=8010

Salazar, E., Perez, K. K., Ashraf, M., Chen, J., Castillo, B., Christensen, P. A., et al. (2020). Treatment of SARS-COV-2 patients with convalescent plasma. Am. J. Pathol. 323, 1582–1589. doi: 10.1016/j.ajpath.2020.05.014

Sanche, S., Lin, Y. T., Xu, C., Romero-Severson, E., Hengartner, N., and Ke, R. (2020). High contagiousness and rapid spread of severe acute respiratory syndrome Coronavirus 2. Emerg. Infect. Dis. 26:282. doi: 10.3201/eid2607.200282

Schoeman, D., and Fielding, B. C. (2019). Coronavirus envelope protein: current knowledge. Virol. J. 16:69. doi: 10.1186/s12985-019-1182-0

Senanayake, S. L. (2020). Drug repurposingstrategies for COVID-19. Future Drug Discov. 2:fdd-2020–0010. doi: 10.4155/fdd-2020-0010

Sharpe, H. R., Gilbride, C., Allen, E., Belij-Rammerstorfer, S., Bissett, C., Ewer, K., et al. (2020). The early landscape of coronavirus disease 2019 vaccine development in the UK and rest of the world. Immunology 160, 223–232. doi: 10.1111/imm.13222

Shen, L., Niu, J., Wang, C., Huang, B., Wang, W., Zhu, N., et al. (2019). High-throughput screening and identification of potent broad-spectrum inhibitors of Coronaviruses. J. Virol. 93:e0023-19. doi: 10.1128/JVI.00023-19

Shih-Hwa, C., Pei Ching, C., Yanwen, L., Mong-Lien, W., Chian-Hsu, C., Yi-Ping, Y., et al. (2020). Highlight of immune pathogenic response and hematopathologic effect in SARS-CoV, MERS-CoV and SARS-Cov-2 infection. Front. Immunol. 11:1022. doi: 10.3389/fimmu.2020.01022

Singh, D. D., Hawkins, R. D., Lahesmaa, R., and Tripathi, S. K. (2019). CRISPR/Cas9 guided genome and epigenome engineering and its therapeutic applications in immune mediated diseases. Semin. Cell Dev. Biol. 96, 32–43.

Singhal, T. (2020). A review of Coronavirus Disease-2019 (SARS-COV-2). Indian J. Pediat. 87, 281–286. doi: 10.1007/s12098-020-03263-6

Smith, R. D. (2006). Responding to global infectious disease outbreaks: lessons from SARS on the role of risk perception, communication and management. Soc. Sci. Med. 63, 3113–3123. doi: 10.1016/j.socscimed.2006.08.004

Smith, T. R. F., Patel, A., Ramos, S., Elwood, D., Zhu, X., Yan, J., et al. (2020). Immunogenicity of a DNA vaccine candidate for COVID-19. Nat. Commun. 11:2601. doi: 10.1038/s41467-020-16505-0

Sodhi, M., and Etminan, M. (2020). Safety of ibuprofen in patients with SARS-COV-2: causal or confounded? Chest 158, 55–56. doi: 10.1016/j.chest.2020.03.040

Streeck, H. (2020). Vorläufiges Ergebnis und Schlussfolgerungen der SARS-COV-2 Case-Cluster-Study (Gemeinde Gangelt). Available online at: https://www.land.nrw/sites/default/files/asset/document/zwischenergebnis_ covid19_case_study_gangelt_0.pdf?fbclid=IwAR2Ul47uWQOgf5SK6n1Cewm u4UKRSN7JdAIYhBX9irdAB6ZZy8klHYKdv80 (accessed April 13, 2020).

Sutton, D., Fuchs, K., D’Alton, M., and Goffman, D. (2020). Universal screening for SARS-CoV-2 in Women admitted for delivery. New Engl. J. Med. 382, 2163–2164. doi: 10.1056/NEJMc2009316

Tan, K. S., Lim, R. L., Liu, J., Ong, H. H., Tan, V. J., Lim, H. F., et al. (2020). Respiratory viral infections in exacerbation of chronic airway inflammatory diseases: novel mechanisms and insights from the upper airway epithelium. Front. Cell Dev. Biol. 8:99. doi: 10.3389/fcell.2020.00099

Tan, L., Wang, Q., Zhang, D., Ding, J., Huang, Q., Tang, Y. Q., et al. (2020). Lymphopenia predicts disease severity of SARS-COV-2: a descriptive and predictive study. Signal Transd. Target. Ther. 5:33. doi: 10.1038/s41392-020-0148-4

Thanh, L. T., Andreadakis, Z., Kumar, A., Gómez Román, R., Tollefsen, S., Saville, M., et al. (2020). The COVID-19 vaccine development landscape. Nat. Rev. Drug Discov. 19, 305–306. doi: 10.1038/d41573-020-00073-5

Tian, S., Hu, W., Niu, L., Liu, H., Xu, H., and Xiao, S. Y. (2020). Pulmonary pathology of early-phase 2019 novel Coronavirus (SARS-COV-2) pneumonia in two patients with lung cancer. J. Thorac. Oncol. 15, 700–704. doi: 10.1016/j.jtho.2020.02.010

Udugama, B., Kadhiresan, P., Kozlowski, H. N., Malekjahani, A., Osborne, M., Li, V., et al. (2020). Diagnosing SARS-COV-2: the disease and tools for detection. ACS Nano 14, 3822–3835. doi: 10.1021/acsnano.0c02624

van Doremalen, N., Lambe, T., Spencer, A., Belij-Rammerstorfer, S., Purushotham, J. N., Port, J. R., et al. (2020). ChAdOx1 nCoV-19 vaccine prevents SARS-CoV-2 pneumonia in rhesus macaques. bioRxiv [Preprint]. doi: 10.1038/s41586-020-2608-y

Verma, R., Sahu, R., Singh, D. D., and Egbo, T. E. (2019). A CRISPR/Cas9 based polymeric nanoparticles to treat/inhibit microbial infections. Semin. Cell Dev. Biol. 96, 44–52.

Wang, F., Chen, C., Tan, W., Yang, K., and Yang, H. N. (2016). Structure of main protease from human Coronavirus NL63: insights for wide spectrum anti-Coronavirus drug design. Sci. Rep. 6:677. doi: 10.1038/srep22677

Wang, F., Kream, R. M., and Stefano, G. B. (2020). An evidence based perspective on mRNA-SARS-CoV-2 vaccine development. Med. Sci. Monit. 26:e924700. doi: 10.12659/MSM.924700

Wang, Y., Wang, Y., Chen, Y., and Qin, Q. (2020). Unique epidemiological and clinical features of the emerging 2019 novel coronavirus pneumonia (SARS-COV-2) implicate special control measures. J. Med. Virol. 92, 568–576. doi: 10.1002/jmv.25748

Ward, D. (2020). Sampling Bias: Explaining Variations in Age Distributions of SARS-COV-2 Cases. Bern: WardEnvironment.

WHO (2020). Ward Environment WHO Director-General’s Opening Remarks at the Media Briefing on SARS-COV-2 - 11 March 2020. Technical Report.

Worldwide Sars-Cov-2 Statistics (2020). Available online at: https://ww.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports (accessed July 4, 2020).

Wu, D., Koganti, R., Lambe, U. P., Yadavalli, T., Nandi, S. S., and Shukla, D. (2020). Vaccines and therapies in development for SARS-CoV-2 infections. J. Clin. Med. 9:1885. doi: 10.3390/jcm9061885

Wu, P., Hao, X., Lau, E., Wong, J. Y., Leung, K., Wu, J. T., et al. (2020). Real-time tentative assessment of the epidemiological characteristics of novel coronavirus infections in Wuhan, China, as at 22 January 2020. Eur. Commun. Dis. Bull. 25:2000044. doi: 10.2807/1560-7917.ES.2020.25.3.2000044

Wu, R., Wang, L., Kuo, H. D., Shannar, A., Peter, R., Chou, P. J., et al. (2020). An update on current therapeutic drugs treating SARS-COV-2. Curr. Pharmacol. Rep. 11, 1–15. doi: 10.1007/s40495-020-00216-7

Xu, H., Zhong, L., Deng, J., Peng, J., Dan, H., Zeng, X., et al. (2020). High expression of ACE2 receptor of 2019-nCoV on the epithelial cells of oral mucosa. Intern. J. Oral Sci. 12:8. doi: 10.1038/s41368-020-0074-x

Xu, X., Han, M., Li, T., Sun, W., Wang, D., Fu, B., et al. (2020). Effective treatment of severe SARS-COV-2 patients with tocilizumab. Proc. Natl. Acad. Sci. U.S.A. 2020:202005615. doi: 10.1073/pnas.2005615117

Xue, X., Yu, H., Yang, H., Xue, F., Wu, Z., Shen, W., et al. (2008). Structures of two Coronavirus main proteases: implications for substrate binding and antiviral drug design. J. Virol. 82, 2515–2527. doi: 10.1128/jvi.02114-07

Yan, L., Zhang, H.-T., Goncalves, J., Xiao, Y., Wang, M., Guo, Y., et al. (2020). Prediction of criticality in patients with severe Covid-19 infection using three clinical features: a machine learning-based prognostic model with clinical data in Wuhan. medRxiv [Preprint]. doi: 10.1101/2020.02.27.20028027

Yang, H., Yang, M., Ding, Y., Liu, Y., Lou, Z., Zhou, Z., et al. (2003). The crystal structures of severe acute respiratory syndrome virus main protease and its complex with an inhibitor. Proc. Natl. Acad. Sci. U.S.A. 100, 13190–13195. doi: 10.1073/pnas.1835675100

Yazdany, J., and Kim, A. (2020). Use of Hydroxychloroquine and Chloroquine during the SARS-COV-2 pandemic: what every clinician should know. Ann. Intern. Med. 172, 754–755. doi: 10.7326/M20-1334

Ye, Q., Wang, B., and Mao, J. (2020). The pathogenesis and treatment of the ‘Cytokine Storm’ in SARS-COV-2. J. Infect. 80, 607–613. doi: 10.1016/j.jinf.2020.03.037

Zaki, A. M., Sander, V. B., Theo, M. B., Albert, D. M. E. O., and Ron, A. M. F. (2012). Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. N. Engl. J. Med. 367, 1814–1820. doi: 10.1056/NEJMoa1211721

Zhang, H.-T., Zhang, J.-S., Zhang, H.-H., Nan, Y.-D., Zhao, Y., Fu, E.-Q., et al. (2020). Automated detection and quantification of COVID-19 pneumonia: CT imaging analysis by a deep learning-based software. Eur. J. Nuclear Med. Mol. Imag. 47:9531. doi: 10.1007/s00259-020-04953-1

Zhang, J. J., Dong, X., Cao, Y. Y., Ya-Dong, Y., Yi-Bin, Y., You-Qin, Y., et al. (2020). Clinical characteristics of 140 patients infected by SARS-CoV-2 in Wuhan, China. Allergy 75, 1730–1741.

Zhang, N., Li, C., Hu, Y., Li, K., Liang, J., Wang, L., et al. (2020). Current development of SARS-COV-2 diagnostics, vaccines and therapeutics. Microb. Infect. 22, 231–235. doi: 10.1016/j.micinf.2020.05.001

Zhang, Q., Wang, Y., Qi, C., Shen, L., and Li, J. (2020). Clinical trial analysis of 2019-nCoV therapy registered in China. J. Med. Virol. 92, 540–545. doi: 10.1002/jmv.25733

Zhang, L., Lin, D., Sun, X., Curth, U., Drosten, C., Sauerhering, L., et al. (2020). Crystal structure of SARS-CoV-2 main protease provides a basis for design of improved α-ketoamide inhibitors. Science. 368, 409–412. doi: 10.1126/science.abb3405

Zhang, Z., Wang, S., Tu, X., Peng, X., Huang, Y., Wang, L., et al. (2020). A comparative study on the time to achieve negative nucleic acid testing and hospital stays between danoprevir and lopinavir/ritonavir in the treatment of patients with COVID-19. J. Med. Virol. 92, 2631–2636. doi: 10.1002/jmv.26141

Zhao, M. (2020). Cytokine storm and immunomodulatory therapy in SARS-COV-2: Role of chloroquine and anti-IL-6 monoclonal antibodies. Intern. J. Antimicrob. Agents 55:105982. doi: 10.1016/j.ijantimicag.2020.105982

Zhou, M., Zhang, X., and Qu, J. (2020). Coronavirus disease 2019 (SARS-COV-2): a clinical update. Front. Med. 14, 126–135. doi: 10.1007/s11684-020-0767-8

Zhu, F.-C., Guan, X.-H., Li, Y.-H., Huang, J.-Y., Jiang, T., Hou, L.-H., et al. (2020). Immunogenicity and safety of a recombinant adenovirus type-5-vectored COVID-19 vaccine in healthy adults aged 18 years or older: a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 396, 479–488. doi: 10.1016/s0140-6736(20)31605-6

Zhuobing, L., Li, D., Gongqi, C., Chaohui, Z., Li, X., Luo, W., et al. (2020). Clinical time features and chest imaging of 85 patients with SARS-COV-2 in Zhuhai, China. Front. Med. 7:209. doi: 10.3389/fmed.2020.00209


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Singh, Han, Choi and Yadav. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 01 December 2020
doi: 10.3389/fcell.2020.593007





[image: image]

Exploring Additional Valuable Information From Single-Cell RNA-Seq Data

Yunjin Li1, Qiyue Xu1, Duojiao Wu2 and Geng Chen1*

1Center for Bioinformatics and Computational Biology, Shanghai Key Laboratory of Regulatory Biology, Institute of Biomedical Sciences, School of Life Sciences, East China Normal University, Shanghai, China

2Institute of Clinical Science, Zhongshan Hospital, Fudan University, Shanghai, China

Edited by:
Cornelia Braicu, Iuliu Haţieganu University of Medicine and Pharmacy, Romania

Reviewed by:
Guibo Li, Beijing Genomics Institute (BGI), China
Vincent Gardeux, École Polytechnique Fédérale de Lausanne, Switzerland
Huanming Yang, Beijing Genomics Institute (BGI), China

*Correspondence: Geng Chen, gchen@bio.ecnu.edu.cn; chengeng66666@gmail.com

Specialty section: This article was submitted to Molecular Medicine, a section of the journal Frontiers in Cell and Developmental Biology

Received: 04 September 2020
Accepted: 26 October 2020
Published: 01 December 2020

Citation: Li Y, Xu Q, Wu D and Chen G (2020) Exploring Additional Valuable Information From Single-Cell RNA-Seq Data. Front. Cell Dev. Biol. 8:593007. doi: 10.3389/fcell.2020.593007

Single-cell RNA-seq (scRNA-seq) technologies are broadly applied to dissect the cellular heterogeneity and expression dynamics, providing unprecedented insights into single-cell biology. Most of the scRNA-seq studies mainly focused on the dissection of cell types/states, developmental trajectory, gene regulatory network, and alternative splicing. However, besides these routine analyses, many other valuable scRNA-seq investigations can be conducted. Here, we first review cell-to-cell communication exploration, RNA velocity inference, identification of large-scale copy number variations and single nucleotide changes, and chromatin accessibility prediction based on single-cell transcriptomics data. Next, we discuss the identification of novel genes/transcripts through transcriptome reconstruction approaches, as well as the profiling of long non-coding RNAs and circular RNAs. Additionally, we survey the integration of single-cell and bulk RNA-seq datasets for deconvoluting the cell composition of large-scale bulk samples and linking single-cell signatures to patient outcomes. These additional analyses could largely facilitate corresponding basic science and clinical applications.
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INTRODUCTION

In recent years, single-cell RNA-seq (scRNA-seq) technologies and related bioinformatics methods have been developing and innovating rapidly, which significantly revolutionized our understanding of the expression heterogeneity and transcriptome dynamics of individual cells for diverse species including human (Quadrato et al., 2017), mouse (Brown et al., 2016), zebrafish (Wagner et al., 2018), and Drosophila (Karaiskos et al., 2017). The data generated by scRNA-seq can be generally grouped into read-based and unique molecular identifier (UMI)-based, depending on the full-length transcript sequencing [e.g., Smart-seq2 (Picelli et al., 2014)] or 3′/5′-end capturing [such as 10× Chromium (Zheng et al., 2017), and Drop-seq (Macosko et al., 2015)] protocols used (Chen et al., 2019). A series of preprocessing steps are required for overcoming the high noise of raw scRNA-seq data to obtain robust results from downstream analysis. Quality control (QC) of scRNA-seq data is important to remove the low-quality cells resulting from RNA degradation, break of the cell membrane, or multicells to avoid misinterpretation of downstream results, which have been reviewed recently (Luecken and Theis, 2019). Then normalization is needed to eliminate the influence of technical effects on molecular counts (e.g., sequencing depth) to make gene expression comparable between cells. For the two main types of data generated from the full-length transcript and 3′/5′-end enrichment scRNA-seq protocols, distinct normalization methods are needed. It is recommended to take gene length into account for full-length transcript scRNA-seq data (such as the common approach of TPM normalization), while disparate methods like scran (Lun et al., 2016) are required for normalizing 3′/5′-tag scRNA-seq data (Luecken and Theis, 2019). However, normalization cannot directly address the biases of technical noises (e.g., batch effect and dropout) and biological covariates (such as cell cycle); further data processing like batch effect correction and imputation may be needed to mitigate such effects according to the data properties and research goals.

After data preprocessing, a range of common analyses can be conducted, like cell type/state identification and annotation, trajectory inference, alternative splicing detection, gene regulatory network (GRN) reconstruction, which has been reviewed by us and other colleagues (Chen et al., 2019; Luecken and Theis, 2019). Because scRNA-seq data usually involve many cells and thousands of genes, feature selection and dimensionality reduction methods are needed to reduce the dimensionality of high-dimensional datasets to lighten the computational burden of downstream analysis (Andrews and Hemberg, 2018). Generally, 500–5,000 highly variable genes are often used depending on the data complexity in feature selection approaches (Yip et al., 2019). Linear [e.g., principal component analysis (PCA)] or non-linear {such as t-distributed stochastic neighbor embedding [t-SNE (van der Maaten and Hinton, 2008)]} and uniform approximation and projection (UMAP) (Diaz-Papkovich et al., 2019) dimensionality reduction methods can be used to further reduce the data dimension and visualize the data in two or three dimensions (Moon et al., 2018).

Based on the data with reduced dimensions, the cell clusters are typically identified in single-cell analysis. Methods for clustering (such as k-means) or community detection (e.g., K-nearest neighbor graph) are often applied to determine the clusters according to the expression similarity of genes (Duò et al., 2018; Kiselev et al., 2019). Once the clusters of single cells are determined, marker genes can be identified through differential expression (DE) analysis to annotate the clusters with meaningful biological insight. Moreover, for the scRNA-seq data generated from full-length transcript sequencing protocols, the alternative splicing changes between distinct cell clusters can be further investigated as we summarized previously (Chen et al., 2019). On the other hand, for the single-cell datasets involving developmental or differentiation process, trajectory inference methods can be utilized to infer the order of cells along developmental trajectories. Saelens et al. (2019) benchmarked dozens of trajectory inference tools and revealed that these methods are complementary with variable performances depending on the dataset dimensions and trajectory topology. Additionally, cellular differentiation and cell state transition processes are controlled by the underlying GRNs. An increasing number of approaches have been developed to infer the GRNs from scRNA-seq data generally based on the assumption that the genes with similar expression profiles could be regulated by a common transcription factor [such as SCENIC (Aibar et al., 2017)], but more efforts are needed to improve the accuracy of these analytical approaches (Chen and Mar, 2018; Fiers et al., 2018; Pratapa et al., 2020).

However, besides those common analyses, many other valuable explorations can be conducted to gain additional insights into scRNA-seq data (Figure 1). In this review, we first describe the progress and related methods for cell–cell communication network inference, RNA velocity analysis, interrogation of chromosomal-scale copy number variations (CNVs) and single nucleotide variations, as well as novel gene/isoform identification. Then we summarize the integration of single-cell and bulk RNA-seq data to cost-effectively analyze a large sample size. In particular, we discuss their implications and potential challenges as well as future directions.
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FIGURE 1. Overview of diverse common and additional valuable analyses of scRNA-seq data. The heterogeneous cells can be sequenced with the full-length transcript or 3′/5′-end capturing scRNA-seq protocols. Then the expression count matrices for all genes in each cell can be quantified from scRNA-seq data. Before downstream analysis, a series of preprocessing steps are needed to be conducted including quality control (e.g., elimination of low-quality cells), normalization, and correction (if need, such as batch effect). The common scRNA-seq data analyses in most studies include cell type identification, differential expression calling, trajectory inference, gene regulatory network reconstruction, and alternative splicing detection. Besides these routine explorations, other valuable analyses can be carried out, such as cell-to-cell communication exploration, RNA velocity inference, large-scale copy number variation, and single nucleotide change detection, chromatin accessibility prediction, transcriptome reconstruction for novel gene/isoform identification, lncRNA, and circRNA profiling, cell type decomposition, and patient outcome prediction.




CELL-TO-CELL COMMUNICATION NETWORK INFERENCE

Cells often do not function independently but can communicate with each other and change their behaviors by transmitting and receiving signals within their environment. In multicellular organisms, cell signaling is critical for joining different cell types together to form tissues (e.g., brain, lung, muscle, and liver). Specifically, autocrine (interact with the same or similar cells) and paracrine (communicate with nearby cells) signaling networks within and across cell types play fundamental roles for cells working together to coordinate diverse organismal processes. Moreover, an abundance of cell fate decisions are made to react to extracellular signals from the interactions between secreted ligands and cell-surface receptors in the local environment (Watabe and Miyazono, 2009). Especially for cancers, the tumor microenvironment is typically composed of various cell types (including malignant, immune, and stromal cells). Understanding the cell-to-cell communication/interaction network among distinct cell populations can facilitate the elucidation of underlying mechanisms for tumorigenesis, tumor progression, metastasis, therapy resistance, and immune infiltration (Hanahan and Weinberg, 2011). Defects in cell-to-cell interaction have been demonstrated to be associated with different cancers (Haass et al., 2004), autoimmune (Gorelik and Flavell, 2000), and metabolic diseases (Hotamisligil, 2006).

ScRNA-seq enables expression quantification of transcripts encoding ligands and their cognate receptors in each cell, which provides unprecedented opportunities for decoding the diversity, complexity, and dynamics of intercellular communication networks (Figure 2). An increasing number of studies investigated the cell-to-cell communications between distinct cell populations and uncovered meaningful biological insights. For example, interlineage communications mediated by ligand–receptor complexes among single cells can regulate liver bud development (Camp et al., 2017), and functionally important ligand-receptor interactions associated with cancer metastasis were recently identified in head and neck squamous cell carcinoma (Puram et al., 2017). We also detected a set of intercellular communications between macrophages and cancer stem-like cells (CSCs) in glioma that the expression levels of involved ligands and receptors are significantly correlated with the survival of patients (Yuan et al., 2019). Moreover, lung basophils were found to widely communicate with both immune and non-immune compartments (Cohen et al., 2018), and cell–cell interactions were useful in identifying the cell types of human placenta (Pavlicev et al., 2017). Interaction network analysis between distinct cell types within the melanoma microenvironment highlighted that tumor cell composition is critical for diagnostic and therapeutic strategies (Tirosh et al., 2016a). Additionally, extensive intercellular communication networks were observed between diverse mouse heart cell types, which contributed to the transcriptional program of sexual dimorphism (Skelly et al., 2018).
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FIGURE 2. Cell-to-cell communication exploration of different cell types. (A) Network view of autocrine and paracrine cell-to-cell communications within and across cell types. Autocrine signaling represents the signaling cells and the target cells that are the same or similar cells (such as belonging to the same cell type), while paracrine signaling could be the interactions between different cell types in a microenvironment. The circles and edges are in proportion to the counts of ligand–receptor interaction pairs. (B) Heatmap showing the interaction scores of ligand–receptor pairs in each cell type. Interaction scores could be the significance (e.g., P-value) or the weighted scores for ligand–receptor interactions.


To identify the potential interactions within or between cell subpopulations from scRNA-seq data, an increasing number of computational methods have been developed based on the expression abundance of ligand and receptor pairs (Table 1). For instance, Kumar et al. (2018) proposed a computational approach to characterize cell–cell communications across the cell types in a microenvironment (such as tumor ecosystem) by scoring the ligand–receptor interactions between two cell types as the product of average expression of ligands and receptors in corresponding cell types. PyMINEr integrates ligand and receptor information, protein–protein interactions as well as pathway analyses to build the autocrine–paracrine signaling networks (Tyler et al., 2019). scTensor defines the cell–cell interactions as directed hypergraphs (nodes are cell types, and edges represent ligand–receptor pairs) and can infer many-to-many interactions with tensor decomposition (Tsuyuzaki et al., 2019). iTALK identifies the intercellular crosstalk signals based on curated ligand–receptor pairs and can visualize the results in different plot formats like Circos, network, and errorbar (Wang Y. et al., 2019). Moreover, CellPhoneDB provides a repository of curated receptors, ligands, and their interactions, and can allow users to search particular ligand/receptor or predict enriched cellular interactions with inquired scRNA-seq data efficiently (Efremova et al., 2020). CellChat quantitatively infers intercellular communication networks using mass action models, which also enables the visualization of cellular interactions (Jin et al., 2020a). Additionally, SingleCellSignalR allows the assessment of the confidence of predicted ligand–receptor (Cabello-Aguilar et al., 2020), while NicheNet can enable a functional understanding of cell–cell communications by providing the information on how ligand–receptor interactions influence the target gene expression (Browaeys et al., 2020). However, the study for systematic performance evaluation of these methods is currently lacking. Moreover, the available approaches for inferring cell–cell interactions are generally based on the known and/or curated ligand–receptor pairs; the interactions mediated by unknown ligand–receptor pairs will be missed. When interpreting the resulting cell–cell communications between cell types, especially the number of interactions, it would be better to consider the missing interactions. Therefore, dissecting the cellular communications in health and disease states will largely benefit the elucidation of the underlying molecular mechanisms.


TABLE 1. Computational approaches for additional analyses of scRNA-seq data.
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RECONSTRUCTION OF SPATIAL CELLULAR COMMUNICATIONS AND GENE EXPRESSION

Additionally, the spatial organization of cells is closely associated with diverse cell functions and behaviors including cell–cell interactions, but such information is usually missing from scRNA-seq data as the cells are needed to be dissociated before sequencing. Interestingly, novoSpaRc was recently developed to enable de novo spatial reconstruction of gene expression using scRNA-seq data alone (Nitzan et al., 2019). Specifically, CSOmap cannot only predict the cellular interactions but also can infer the cell spatial organizations de novo from single-cell transcriptomic data (Ren et al., 2020). Furthermore, the sequencing-based or image-based spatial technologies that can preserve the spatial coordinates of cells have achieved great progress (Mayr et al., 2019). Integrative analysis of the spatial and scRNA-seq data may enable us to gain novel insights into cell–cell communications by constructing the spatial expression patterns of signaling ligands and receptors using transfer learning or deep learning approaches (Efremova and Teichmann, 2020). For instance, SpaOTsc can allow the inference of spatial gene expression patterns and spatial cell–cell communications by incorporating scRNA-seq and spatial data (Cang and Nie, 2020). With the innovation of scRNA-seq and spatial transcriptomics as well as the computational algorithms, the accuracy of intercellular communication network inference will be improved as well. Specifically, such analysis may shed light on the signaling mechanisms of cellular behaviors and responses under various conditions like tumor progression, development, or differentiation.



IDENTIFICATION OF LARGE-SCALE COPY NUMBER VARIATIONS

Besides cellular communication detection, scRNA-seq data can be used to identify different types of genomic variations. Intratumoral heterogeneity is a ubiquitous feature for various cancer types, which contributes to tumor progression and therapy failure (Kreso and Dick, 2014). One of the well-studied sources of intratumoral heterogeneity is genetic variation, such as single nucleotide variations and CNVs that are the gains or losses of genomic sequences larger than one kilobase in size (Vogelstein et al., 2013). CNVs play an essential role in generating both physiological and pathological phenotypes through altering corresponding gene transcription or disrupting neighboring or distant non-coding regulatory regions; some of them could have pathogenic roles in common and rare cancers (Shlien and Malkin, 2009).

As large-scale CNVs may cause the gain or loss of many genes, they can result in the upregulation or downregulation of the genes in the affected regions. It has been shown that scRNA-seq data can provide informative large-scale CNV evidence for corresponding cells (Figure 3A). For instance, Patel et al. (2014) revealed coherent chromosomal-scale CNV pattern in glioblastoma by averaging relative expression levels of genes over large chromosomal regions and comparing with a set of reference normal cells using their method of inferCNV. With a similar approach, somatic large-scale CNVs were examined in metastatic melanoma (Tirosh et al., 2016a), oligodendroglioma (Tirosh et al., 2016b), as well as head and neck cancer (Puram et al., 2017) at single-cell resolution, which allowed researchers to effectively distinguish malignant cells from non-malignant ones. Recently, another computational method that integrated the hidden Markov model with a Bayesian approach, called HoneyBADGER, has also been developed for identifying the CNVs and loss of heterozygosity in single cells based on the allele and expression information inferred from scRNA-seq data (Fan et al., 2018) (Table 1). Since genomic instability is a hallmark of diverse cancers (Negrini et al., 2010; Ferguson et al., 2015), detecting the somatic large-scale CNVs in single cells could discriminate tumor cells from normal ones and gain insights into their roles in tumorigenesis. However, attention should be paid to the sparsity and noise of scRNA-seq data because currently available scRNA-seq approaches are generally with high-dropout property, which may result in false positives and influence the CNV detection. Collectively, scRNA-seq provides an alternative and cost-effective way for exploring large-scale CNVs in individual cells. It is valuable for unraveling the evolutionary complexity of tumors and understanding cancer development and progression.
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FIGURE 3. Inference of large-scale copy number alterations and single nucleotide changes based on scRNA-seq data. (A) Representative heatmap displaying the large-scale copy number variations (CNVs) identified in different cell types with scRNA-seq data. Top panel shows that no significant large-scale CNVs were identified in reference normal cells, whereas chromosomal-scale deletions (blue) and gains (red) were observed for several chromosomes in different cell subtypes of tumor cells (second panel). The heatmap was created by inferCNV. (B) Graphic view of single nucleotide variations and RNA editing events. The reads of scRNA-seq data generated from full-length transcript sequencing protocols are mapped to the reference genome first. Then specific SNV calling tools or RNA-editing detection approaches can be applied to determine the SNVs or RNA-editing events based on the alignment result. Both SNV and RNA editing identifications are mainly suitable for the scRNA-seq methods that can generate full-length transcripts. Moreover, sequencing depth could be an important factor influencing the detection accuracy.




ANALYSIS OF SINGLE NUCLEOTIDE VARIANTS AND RNA EDITING

In addition to CNV detection, single nucleotide variants (SNVs) and RNA editing events could also be inferred from single-cell transcriptomic data. SNVs are the most prevalent type of genetic variation and are closely associated with diverse normal and disease phenotypes. The influences of SNVs could manifest on gene expression by cis and/or trans effects (Bryois et al., 2014), and a multitude of SNVs have been linked to tumor evolution (Navin et al., 2011). Importantly, SNVs in progenitors could be inherited by all the daughter cells during DNA replication, thus systematic SNV calling in single cells is one promising strategy for delineating cellular heterogeneity and phylogenetic relationships, especially for cancer evolution (Navin et al., 2010; Abbosh et al., 2017; Ju et al., 2017; Martincorena et al., 2017). Although single-cell exome sequencing or whole-genome sequencing technologies can be used to interrogate SNVs, such approaches could introduce substantial error rates due to inherent technical limitations (Xu et al., 2012; Zafar et al., 2016), and they are highly expensive for sequencing a large number of cells. By contrast, scRNA-seq is more affordable, and the SNVs detected from single-cell transcriptomic data could be interesting since they are expressed, and their functions are easier to elucidate. A range of studies have revealed intriguing findings by exploring SNVs from scRNA-seq data using the tools originally developed for bulk sequencing data (Tirosh et al., 2016b; Enge et al., 2017; Fan et al., 2018; Poirion et al., 2018; Ding et al., 2019). For example, Enge et al. (2017) gained insights into aging-related genetic and transcriptional processes of the human pancreas by analyzing the somatic mutation patterns with single-cell transcriptomic data. A linear modeling framework, SSrGE, was recently proposed to detect the effective and expressed SNVs that are associated with gene expression from scRNA-seq data, which could facilitate the subpopulation identification and genotype–phenotype relationship determination (Poirion et al., 2018). Moreover, Ding et al. (2019) developed a method for trajectory inference based on the SNPs inferred from scRNA-seq data.

Currently, few tools were specially designed for SNV calling based on single-cell transcriptomic data. However, Liu et al. (2019) systematically evaluated the performance of traditional variant callers on scRNA-seq datasets and recommended SAMtools (Li, 2011), Strelka2 (Kim et al., 2018), and FreeBayes (Garrison and Marth, 2012) to call SNVs for the data with low supporting reads, with sufficient read depths, and with high variant allele frequencies, respectively (Table 1). SAMtools calls the SNVs directly based on the sequencing data with a statistic model, while Strelka2 employs a mixture model to alleviate the effects of context-specific variation, and FreeBayes uses a Bayesian statistical framework to model multiallelic loci. With these tools, the SNVs in each cell can be predicted by treating each cell as a sample like bulk data. Notably, low read depths that resulted from the biologically low expressions and/or technical bias (e.g., dropout events) could reduce the sensitivity of SNV detection. Therefore, the innovation of scRNA-seq strategies to minimize the dropout events will greatly improve the accuracy of SNV inference (Liu et al., 2019). Moreover, novel SNV calling methods that are specifically designed for scRNA-seq are also crucial for correcting the technical bias and increase the sensitivity and specificity of variant calling. Overall, detecting SNVs from single-cell transcriptomic data could provide another layer of cellular heterogeneity among single cells besides gene expression (Figure 3B), which could be useful for lineage tracing and subpopulation identification as well as genotype–phenotype linkage inference (Poirion et al., 2018; Tang, 2020).

Unlike genomic SNVs, RNA editing is a posttranscriptional process that made nucleotide changes on RNA sequences, and adenosine-to-inosine (A-to-I) editing is the most common type in general (Nishikura, 2010) (Figure 3B). RNA editing has been considered as a crucial mechanism for increasing the molecular diversity and regulating the function of proteins (Maas et al., 2006; Park et al., 2012). The known functional impacts of RNA editing mainly include amino acid sequence changes, alternative splicing alteration, RNA stability influence, and alternations on miRNA sequence or miRNA targeting sequence (Nishikura, 2016). Furthermore, aberrant RNA editing events could be correlated with the etiology or progression of various diseases, such as amyotrophic lateral sclerosis, astrocytoma, hepatocellular carcinoma, and metastatic melanoma (Slotkin and Nishikura, 2013; Kung et al., 2018; Kanata et al., 2019). Although sequencing the genome and transcriptome from the same sample/cell can theoretically enable more accurate RNA editing detection, such data are relatively uncommon and costly. Several computational tools are available for robustly identifying RNA editing sites using bulk RNA-Seq data alone, such as GIREMI (Zhang and Xiao, 2015), the pipeline proposed by Ramaswami et al. (2013), and REDItools (Picardi and Pesole, 2013) (Table 1). However, the approaches specifically developed for scRNA-seq data are currently lacking, and a few studies investigated the RNA editome in individual cells. Recently, Ding et al. (2019) suggested that an abundance of SNVs identified from scRNA-seq data by their method are likely to be RNA-editing events. Since aberrant RNA editing events could be correlated with the etiology or progression of many diseases including cancers (Slotkin and Nishikura, 2013; Kung et al., 2018; Kanata et al., 2019), exploring the RNA editome in single cells can facilitate a better understanding of their functional implications to cellular heterogeneity and clinical utility in diseases. Considering that RNA editing detection depends closely on the sequencing depth, applying the tools originally designed for bulk data to single-cell data should be careful due to the inherent technical noise and low sequencing depth of current scRNA-seq protocols. There is an urgent need to develop robust methods for identifying RNA editing events with single-cell data. Consequently, exploring the RNA editome in single cells will be more feasible with the improvement of single-cell sequencing and specialized algorithms, which will benefit the elucidation of the functional implications of RNA editing to cellular variations and disease development.



EXPLORING RNA VELOCITY

ScRNA-seq data have also been used to predict the future transcriptional state of single cells (termed RNA velocity) by deducing their directed dynamic transcriptome changes (Figure 4A). RNA regulation involves multiple stages including transcription, RNA maturation, and RNA degradation; thus, the abundance of RNAs is a strong indicator of cell state. Previous bulk RNA-seq study has shown that gene splicing and degradation can be effectively estimated based on the relative abundance of unspliced and spliced RNAs (Zeisel et al., 2011; Gaidatzis et al., 2015). Thus, similar signals could be also decoded from individual cells with single-cell transcriptomic data (Svensson and Pachter, 2018). La Manno et al. (2018) proposed a model named velocyto (Table 1) to estimate the rate of change in mRNA abundance (RNA velocity) to predict the future transcriptional state of individual cells by distinguishing between spliced and unspliced mRNAs with scRNA-seq data. This RNA velocity inference method has been applied to an increasing number of researches. For instance, RNA velocity analysis revealed dynamic transcriptional changes of immune cells in hepatocellular carcinoma (Zhang et al., 2019) and could also allow effective identification of the major directions of cell progression for murine neural crest cells (Soldatov et al., 2019). Moreover, Kanton et al. (2019) successfully uncovered the differentiation of neural progenitor cells in human development with RNA velocity exploration, but velocyto could not efficiently process large datasets and even may run out of memory (e.g., cell number >40,000). More recently, Bergen et al. developed a likelihood-based dynamical model, scVelo (can handle >300,000 cells), to infer the RNA velocity of cells by solving the full transcriptional dynamics (Bergen et al., 2019), which is 10 times faster and less memory consuming than that of velocyto (La Manno et al., 2018).


[image: image]

FIGURE 4. RNA velocity and chromatin accessibility analyses. (A) RNA velocity inference of single cells to predict their future transcriptional states. The velocity of gene expression could be represented as the mRNA abundance over time, which enables the prediction of future transcriptional state of cells (the arrows denote the directionality). (B) Graphic view of chromatin accessibility prediction with scRNA-seq data. Transcriptome and regulome could have bidirectional interplay because of the feedback, thus scRNA-seq has the potential to predict the chromatin accessibility of transcribed regions using the corresponding computational approach. However, it is worth noting that the chromatin accessibility of non-transcribed regions cannot be predicted with scRNA-seq.


RNA velocity inference could predict the direction of cell transition within and between cell clusters/states. By contrast, pseudotime/trajectory analysis aims to identify the paths between cell clusters/subtypes, which does not automatically infer a direction like RNA velocity prediction. However, RNA velocity analysis can benefit trajectory inference or pseudotemporal ordering that aims to deduce the order of cells along developmental paths by overlaying the directionality of velocity to trajectories to better predict cell fate decisions (La Manno et al., 2018). Therefore, integrative analysis of single-cell RNA velocity and trajectory/pseudotime could provide deeper insights into various dynamic cellular processes in development and evolution, such as lineage decisions and gene regulation.



INFERRING CHROMATIN ACCESSIBILITY

Besides transcriptome profiling, scRNA-seq could also provide the potential for decoding the chromatin accessibility of transcribed regions in single cells (Figure 4B). Chromatin accessibility is essential for establishing and maintaining cellular identity by governing cell- or context-specific gene expression (Pennacchio et al., 2013; Klemm et al., 2019). The landscape of chromatin accessibility broadly reflects the regulatory capacity and is dynamically changing in response to developmental cues and environmental stimulation (Klemm et al., 2019). Some single-cell technologies are emerging to measure the chromatin accessibility of individual cells including single-cell ATAC-seq (Cusanovich et al., 2015), single-cell DNase-seq (Jin et al., 2015), and single-cell THSseq (Lake et al., 2018). Moreover, Yu et al. (2020) recently proposed a software, scATAC-pro, for quality estimation and visualization of single-cell chromatin accessibility sequencing data generated by different experimental protocols.

Determining the accessible genome is crucial for understanding the regulatory program of gene expression control. Many studies have demonstrated that the transcriptional activities of genes can be predicted based on the activities of associated regulatory elements (Natarajan et al., 2012; Kumar et al., 2013), but few researches investigated to what extent activities of regulatory elements can be inferred from the RNA-seq data. Gene transcription needs the chromatin to be open and accessible; thus, bidirectional interplay exists between transcriptome and regulome due to the feedback (Neph et al., 2012; Voss and Hager, 2014). Previously, Zhou et al. (2017) demonstrated that their method of BIRD (Table 1) can effectively predict the activities of genome-wide regulatory elements measured by DNase I hypersensitivity based on bulk gene expression profiles. Since scRNA-seq technologies enable capturing the gene transcriptional signals in each cell, it may be also possible to predict the regulome of cells based on single-cell transcriptomic data. Recently, Zhou et al. (2019) further suggested that the chromatin accessibility of the genome could be inferred from the scRNA-seq data of a small number of cells. But currently available methods for inferring chromatin accessibility from single-cell transcriptomic data are very few. Both experimental chromatin accessibility profiling technologies and computational methods that predict chromatin accessibility from scRNA-seq data will continue to improve. It remains an open question as to which method will be more accurate. To answer that question, a systematic and independent benchmark study in the future will be required.

Specifically, the data from single-cell RNA-seq and chromatin profiling technologies can be combined to delineate cellular heterogeneity and elucidate transcriptional regulatory mechanisms. For instance, the computational tool of SOMatic enables the integrative analysis of scATAC-seq and scRNA-seq data for gene regulatory network reconstruction (Jansen et al., 2019). ScAI can deconvolute the cellular heterogeneity based on single-cell transcriptomic and epigenomic profiles (Jin et al., 2020b). Additionally, MAESTRO supports cell clustering and automatic cell-type annotation as well as transcriptional regulator inference for both scRNA-seq and scATAC-seq datasets (Wang et al., 2020). These analyses will help us better elucidate the underlying mechanisms of gene regulation and cellular gene expression heterogeneity.



TRANSCRIPTOME RECONSTRUCTION FOR NOVEL GENE/ISOFORM IDENTIFICATION

For full-length transcript scRNA-seq data, transcriptome reconstruction at the single-cell level is promising to identify cell-type-specific genes/isoforms. Currently, the annotated genes and isoforms for many species including humans are still far from complete, and a multitude of novel protein-coding and non-coding genes/isoforms remain to be uncovered (Chen et al., 2013). One major reason accounting for this is that gene expression is often spatial and temporal specific; thus, those unannotated genes/isoforms could be only expressed in specific conditions and/or cell types/states. Since gene expression is usually heterogeneous at the single-cell level, different cell subpopulations may express unique and unannotated genes and/or isoforms that could not be identified with bulk RNA-seq data. Thus, scRNA-seq provides great potential for identifying and annotating the novel genes and isoforms.

Transcriptome reconstruction is the most popular strategy for detecting all the expressed genes and isoforms in a particular sample (Garber et al., 2011; Chen et al., 2017). The approaches for transcriptome reconstruction can be mainly grouped into the following two categories: genome-guided and de novo (genome independent) transcriptome assembly (Garber et al., 2011) (Figure 5A and Table 1). Generally, genome-guided strategies [such as TransComb (Liu J. T. et al., 2016), StringTie (Pertea et al., 2015), and Cufflinks (Trapnell et al., 2010)] assemble the overlapping reads aligned to the reference genome into transcripts, which is suitable for the organisms with the available qualified reference genome. By contrast, de novo transcriptome assembly methods [e.g., Trinity (Grabherr et al., 2011), Trans-ABySS (Robertson et al., 2010), and rnaSPAdes (Bushmanova et al., 2019)] often utilize de Bruijn graph to directly assemble the reads into transcripts without the need of reference genome. When a qualified reference genome is available, genome-guided approaches are the choice due to their higher sensitivity than de novo assembly methods. However, for cancer cells, large-scale rearrangement events may exist in the genome and/or transcriptome; a combination use of these two different strategies may generate a more comprehensive set of transcripts (Garber et al., 2011). After transcriptome reconstruction, the coding potential of those assembled transcripts can be assessed to group them into protein-coding or non-coding RNAs. Although the available transcriptome reconstruction approaches are mainly designed for bulk RNA-seq data, some studies have applied them to scRNA-seq data and successfully identified many novel genes/transcripts (Yan et al., 2013; Fan et al., 2015; Liu S. J. et al., 2016; Wu et al., 2019). For example, Yan et al. (2013) integrated genome-independent and genome-guided assembly methods to predict the new transcripts and detected a set of novel long non-coding RNAs (lncRNAs) that are functionally important in human embryos. Notably, transcriptome assembly is mainly applicable to the scRNA-seq approaches that can sequence the full-length of transcripts [e.g., Smart-Seq2 (Picelli et al., 2014), SUPeR-seq (Fan et al., 2015), and RamDA-seq (Hayashi et al., 2018)] rather than the protocols that only capture the 3′/5′-end of transcripts. Moreover, novel algorithms for reconstructing single-cell transcriptome may be essential to overcome the noise and low coverage of scRNA-seq data. Overall, conducting single-cell transcriptome reconstruction is promising for identifying the novel genes and isoforms (including both protein-coding and non-coding RNAs) expressed in specific cell types/states, which may transform our understanding of the complexity of single-cell transcriptome.
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FIGURE 5. Transcriptome reconstruction and identification of lncRNAs and circRNAs. (A) Schematic of single-cell transcriptome reconstruction with genome-guided and genome-independent approaches. Genome-guided strategies need to map the sequencing reads to the reference genome first, whereas genome-independent (de novo assembly) methods can assemble the sequencing reads directly without using the reference genome. (B) Novel lncRNAs can be identified by assessing the protein-coding potential of the transcripts assembled from transcriptome reconstruction methods. Since lncRNAs can be with or without poly (A) tails, the full-length transcript scRNA-seq technologies that can capture both poly (A+) and poly (A–) RNAs are preferred for comprehensively profiling lncRNAs. Moreover, sufficient sequencing depth can also benefit the lncRNA identification in considering that lncRNAs are usually expressed at relatively lower levels than that of mRNAs. (C) Profiling circRNAs with scRNA-seq data. CircRNAs are formed by back-splicing, which is different from linear RNAs. Unlike linear RNAs that can be captured with standard poly-A enriched methods, circRNAs are covalently closed and usually need to be profiled with rRNA-depleted total RNA protocols. Furthermore, the sequencing depth is also important to ensure the accuracy of circRNA identification and quantification.




PROFILING LONG NON-CODING RNAs AND CIRCULAR RNAs

After transcriptome reconstruction, novel lncRNAs could be identified from single cells. LncRNAs are the transcripts with >200 nucleotides in length and have no protein-coding potential. It has been shown that lncRNAs are fundamental regulators and involved in a wide range of biological processes and pathways related to transcriptional and posttranscriptional regulation as well as chromatin remodeling (Mercer et al., 2009; Slack and Chinnaiyan, 2019). Moreover, lncRNAs can play critical roles in a variety of human diseases, and some of them could be important biomarkers for many cancers (Ransohoff et al., 2018). Additionally, the expression of lncRNAs is more tissue- and cell-type specific than that of mRNAs (Ransohoff et al., 2018); thus, scRNA-seq provides unprecedented opportunities for profiling and annotating the cell-type-specific lncRNAs. To identity lncRNAs with RNA-seq data, the aforementioned transcriptome reconstruction is usually conducted to define the map of all expressed transcription units first (Figure 5B). Then a variety of methods can be applied to discriminate lncRNAs from protein-coding RNAs, such as CPAT (Wang et al., 2013), LncRNA-ID (Achawanantakun et al., 2015), and LGC (Wang G. Y. et al., 2019) (Table 1). CPAT employs a logistic regression model to discriminate between non-coding and protein-coding transcripts, while LncRNA-ID utilizes the machine learning model of random forest, and LGC is based on the feature relationship between the length of open reading frame (ORF) and GC content. The protein-coding potential assessment tools have been widely used in numerous studies to predict the protein-coding potential of transcripts, which have been reviewed previously (Han et al., 2016; Lorenzi et al., 2019).

An increasing number of studies have explored the lncRNA expression profiles and functions at the single-cell level. For example, Fan et al. (2015) developed SUPeR-seq to sequence both poly (A+) and ploy (A−) RNAs and identified hundreds of novel lncRNAs that showed developmental stage-specific expression in mouse. The random (AnchorX-T15N6) primers were used in SUPeR-seq to enable the simultaneous capture of both polyadenylated and non-polyadenylated RNAs from individual cells. Moreover, novel lncRNAs associated with human early embryonic development were identified (Yan et al., 2013), and cell-type-specific lncRNAs were observed to be abundantly expressed in human neocortex (Liu S. J. et al., 2016). Besides, Wu et al. (2019) detected over 3,000 lncRNAs using the scRNA-seq data of human bone marrow and revealed that a fraction of them could play crucial roles in dysplastic hematopoiesis. It is worth noting that lncRNAs can localize in the nucleus and cytoplasm, and are usually less abundant than mRNAs, and can be expressed simultaneously with relevant protein-coding genes. If cells can be directly lysed without RNA extraction and sequenced with substantial depth, it may allow more comprehensive lncRNA identification. Furthermore, lncRNAs can be with or without poly (A) tails; thus, the full-length transcript scRNA-seq technologies that enable total RNA [including poly (A+) and ploy (A−) RNAs] capturing [e.g., SUPeR-seq (Fan et al., 2015), MATQ-seq (Sheng et al., 2017), and RamDA-seq (Hayashi et al., 2018)] are more suitable for comprehensive lncRNA profiling, whereas those single-cell protocols that only sequence poly (A+) RNAs will miss the lncRNAs without poly-A tails. However, currently available scRNA-seq strategies that can provide whole gene body coverage are still suffering certain bias at the 3′/5′-end of transcripts; further improvement of these technologies will greatly benefit single-cell lncRNA profiling.

Additionally, circular RNAs (circRNAs) are an essential class of circularized non-coding RNAs, which are formed by back-splicing of linear pre-mRNAs (Figure 5C). CircRNAs can act as sponges for miRNAs or proteins, interfere with pre-mRNA processing, and even produce polypeptides (Lasda and Parker, 2014; Li et al., 2018). Moreover, a multitude of circRNAs have been associated with a variety of human cancers, and some of them could be important biomarkers for cancer diagnosis or prognosis (Greene et al., 2017). However, the specific functions for the great majority of circRNAs in biological systems are still unknown. Multitudinous studies have identified and annotated circRNAs with different bioinformatic pipelines based on bulk RNA-seq data (Memczak et al., 2013; Jakobi and Dieterich, 2019). However, circRNA exploration at the single-cell level is just emerging. Since circRNAs are covalently closed continuous loop and do not have poly (A) tail, they cannot be profiled with standard poly (A) enrichment protocols. Recently, an abundance of circRNAs involved in the early embryonic development of mice was identified using SUPeR-seq protocol to sequence total RNAs from individual cells (Fan et al., 2015). Furthermore, Verboom et al. (2019) proposed SMARTer technology for conducting single-cell strand-specific total RNA sequencing and detected over 500 circRNAs in neuroblastoma cell lines. A range of computational methods are available for identifying circRNAs with RNA-seq data [such as find_circ2 (Memczak et al., 2013), CircExplorer2 (Zhang et al., 2016), and CIRI2 (Gao et al., 2018)], which have been reviewed recently (Jakobi and Dieterich, 2019) (Table 1). These tools could be applicable to explore the circRNAs in single cells. The commonly used bulk sequencing strategies for circRNA detection are ribosomal RNA (rRNA)-depleted total RNA and poly (A)-depletion methods, but none of them can guarantee that the enriched RNAs are exclusively circular as some other types of ncRNAs would be also captured (Kristensen et al., 2019). By contrast, the scRNA-seq protocols for profiling circRNAs are still in the early phases of development, and the bioinformatic methods specially designed for single-cell circRNA exploration are still lacking. Furthermore, the reliable identification and quantification of circRNAs generally need a substantial sequencing depth to obtain sufficient supporting reads spanning the back-splice junction region of circRNAs.

Currently, available scRNA-seq protocols are still with high technical noise, and the sequencing depth for each cell is relatively low in consideration of the cost, which hinders the identification of lncRNA and circRNA. Additionally, the computational methods specially developed to process single-cell transcriptomic data by taking the data sparsity and noise into account for lncRNA and circRNA investigation are currently lacking. With the development of both single-cell total RNA sequencing methods and related computational approaches, exploring the lncRNAs and circRNAs in individual cells, will be more feasible. These advancements will largely promote the profiling and functional characterization of lncRNAs and circRNAs in different cell types/states under various conditions.



CELL COMPOSITION DECONVOLUTION OF BULK SAMPLES USING SINGLE-CELL DATA

The aforementioned analyses are mainly based on scRNA-seq data alone; single-cell transcriptomic data can also be analyzed with the bulk RNA-seq dataset to infer the cell-type proportions/compositions for a large number of bulk samples (Figure 6A). ScRNA-seq has great advantages in dissecting the heterogeneity of cellular compositions within a given sample; however, such researches were mainly focused on a limited number of samples/individuals in consideration of cost effectiveness and scalability. Bulk RNA-seq is still the primary workhorse for dissecting gene expression for a host of samples in biomedical research due to the low cost and technical simplicity. For investigating the cell-subset specific information in a plethora of samples, an attractive approach is to directly decode the cell-type composition of large-scale heterogeneous bulk samples via deconvolution algorithms (Shen-Orr and Gaujoux, 2013). Such a strategy is not only cost effective but could also preserve both whole-system level perspective and cell-based view of cell heterogeneity. For example, Li T. et al. (2017) have explored the composition of different tumor-infiltrating immune subsets in 32 cancer types of The Cancer Genome Atlas (TCGA). Moreover, Donovan et al. (2020) deconvoluted the cellular composition of 28 distinct human tissues from Genotype-Tissue Expression (GTEx) project (Aguet et al., 2017), which allowed cell-type-specific functional investigation for the impacts of genetic variation on gene expression.
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FIGURE 6. Integration of single-cell and bulk RNA-seq data for cell-type decomposition and survival analysis. (A) Deconvolution of cell-type composition in bulk samples with single-cell reference signatures. The computational approaches for deconvoluting the cell-type compositions or proportions of bulk samples often need the reference expression profile of the markers for specific cell types. Performing scRNA-seq on a few samples is an efficient and cost-effective way to generate the cell-type-specific gene expression profile as the reference. (B) Linking the expression of single-cell signatures to patient outcomes with related large-scale bulk datasets. The signatures or markers identified in diverse types of single-cell analyses (such as cell type identification, alternative splicing inference, cell–cell communication exploration, and gene regulatory network reconstruction) can be further investigated with relevant large-scale bulk RNA-seq dataset to check whether they are associated with different patient outcomes (e.g., survival of patients) based on available clinical information of involved patients. Such analysis can further gain insights into the associations of cell-type-specific markers with certain phenotypes of patients in a multitude of samples.


Currently, a dozen of deconvolution approaches are available for inferring the composition of cell types from bulk RNA-seq data (Cobos et al., 2018), such as CMP (Frishberg et al., 2019), MuSiC (Wang X. R. et al., 2019), DWLS (Tsoucas et al., 2019), and CIBERSORTx (Newman et al., 2019) (Table 1). CMP uses linear regression to estimate the expression abundance of reference cells in the given bulk samples, while MuSiC weights the genes exhibiting cross-subject and cross-cell consistency to transfer cell-type-specific gene expression profile across different datasets. DWLS employs a weighted least squares method to estimate cell-type proportions, and CIBERSORTx is based on the machine learning method to determine cell type abundance and cell-type-specific gene expression. A systematic comparison of the performance for recently developed deconvolution approaches is very valuable, but such a study is currently lacking. Existing deconvolution tools generally rely on the prior knowledge of reference expression profiles of known cell-type signatures, which can be obtained from the scRNA-seq data of one or a few samples (Figure 6A). At present, it is still highly expensive and time consuming to sequence a multitude of samples using scRNA-seq. Therefore, deconvoluting cell-type compositions from large-scale bulk RNA-seq dataset with a small sample size of single-cell transcriptomic data as the reference is an economically practical and time-saving way. Such analysis is valuable for identifying the cell types vulnerable to disease and detect the cellular targets of disease/cancer.



LINKING SINGLE-CELL SIGNATURE TO PATIENT OUTCOMES WITH BULK DATA

Another important joint analysis of scRNA-seq and bulk RNA-seq data is to associate the signatures identified in single-cell transcriptomic data exploration to predict patient outcomes. Intratumoral heterogeneity is a pivotal determinant of tumor biology, survival, and treatment response of patients. A major goal of cancer profiling studies is to identify the genetic biomarkers that are predictive for the survival status of cancer patients. The advance in scRNA-seq largely facilitates the biomarker/signature detection at a higher resolution beyond traditional bulk data. Such single-cell signatures can be screened out from different types of single-cell analyses, such as cell clustering, differential expression calling, alternative splicing exploration, and gene regulatory network inference. Specifically, important signatures could be identified from the scRNA-seq data of the tumor ecosystem to potentially predict cancer stage, therapy response, disease-free interval, metastatic probability, or overall patient survival. Although it may not be practical to perform scRNA-seq on an abundance of patients for prognosis prediction, those publicly accessible bulk datasets with available clinical information are valuable resources for such analysis. It is an alternative way to assess whether the single-cell signatures could be useful biomarkers for predicting patient outcomes (Figure 6B).

A host of studies have used the bulk datasets from public databases like TCGA (Weinstein et al., 2013) and Gene Expression Omnibus (GEO) to determine the association between the expression level of single-cell signatures and the patient survival of corresponding cancers. For example, signatures from scRNA-seq analysis were successfully applied to predict the overall survival of patients for TCGA melanoma (Nirschl et al., 2017) and hepatocellular carcinoma (Zheng et al., 2018). Furthermore, Li H. P. et al. (2017) identified single-cell biomarkers that can stratify the colorectal tumors from TCGA and GEO databases into subgroups with divergent survival. For survival analysis, Raman et al. (2019) revealed that highly variable results are usually obtained from different methods, and Cox regression (Li, 2003) is superior to other compared approaches based on tests of reliability, accuracy, and robustness. Cox regression is a flexible method that can improve the accuracy of estimation between gene expression level and patient survival by enabling the inclusion of multiple covariates to accommodate explanatory variables. It is worth noting that the single-cell signatures are used to build a model, while the actual data using the model is the bulk RNA-seq data. The continuous decreasing cost and time for scRNA-seq will make single-cell transcriptomic profiling on a large sample size become more affordable and practicable, which will greatly benefit the association analysis between single-cell signatures and patient outcomes. Consequently, the signatures/biomarkers screened out from diverse kinds of single-cell analyses could be further linked to the patient outcomes with related bulk datasets and clinical information to assess their associations and clinical value.



CONCLUSION AND OUTLOOK

ScRNA-seq is widely applied to diverse organisms to dissect a range of biological questions related to developmental biology, oncology, immunology, neurology, and microbiology at the single-cell resolution. Besides those routine analyses conducted in most studies (e.g., cell type identification, alternative splicing detection, trajectory, and GRN inference), much more other valuable information can be mined from scRNA-seq data. As we summarized in this review, cell-to-cell communications, RNA velocity, and large-scale CNVs and chromatin accessibility could be effectively extracted from single-cell transcriptomic data. Nucleotide sequence changes of SNVs and RNA editing events also could be derived from scRNA-seq experiments to enable multiple modalities. Moreover, transcriptome reconstruction with full-length transcript scRNA-seq data is promising for identifying and annotating the novel genes and isoforms mainly expressed in certain cell types/states. The innovation and optimization of scRNA-seq protocols that can effectively capture both poly (A+) and ploy (A−) RNAs with increased throughput will improve the feasibility of profiling and characterizing of lncRNAs and circRNAs at single-cell resolution. Additionally, the results of scRNA-seq analysis can be further explored with traditional bulk RNA-seq data to deconvolute the cell compositions in a multitude of bulk samples or assess the association between single-cell signatures and patient outcomes in a cost-effective way.

Notably, the accuracy of any kind of single-cell analysis largely depends on the quality of single-cell sequencing data (e.g., cell quality, sequencing quality, coverage, and depth) as well as the performance of corresponding bioinformatics algorithms. Special attention needs to be paid to the noise and sparsity of scRNA-seq data, and stringent criteria may be needed to minimize the false positives. Besides, since there is a general lack of studies for benchmarking the computational approaches of the single-cell analyses we summarized in this review, it would be useful to conduct such researches in the future. In consideration of the absence of a gold-standard method, running more than one bioinformatic tools could be an effective way to reduce the number of false positives. Additionally, performance comparison for several commonly used scRNA-seq technologies revealed that if the research goal aims to pursue the highest sensitivity, the low-throughput methods that can produce full-length transcripts (e.g., Smart-seq2) are significantly better than the high-throughput approaches that mainly capture the 3′/5′-end of transcripts (like 10x Chromium) (Ziegenhain et al., 2017; Ding et al., 2020). Future comparative analysis for the newly developed single-cell transcriptome profiling protocols will be very helpful to provide better guidance in experimental designs. The fast evolution of both scRNA-seq approaches and bioinformatics methods will make the single-cell analyses we discussed become more feasible. We anticipate that these useful analyses will add much more value to scRNA-seq data and largely facilitate biomedical and clinical researches.

On the other hand, the states of single cells are determined by the intricate interplay of various molecules from multi-omic levels, such as genomics, transcriptomics, proteomics, and epigenomics. Integrative analysis of multi-omic data will enable a much more comprehensive and systematic view of each cell, which will greatly benefit the study of a variety of normal development and disease processes. An increasing number of single-cell protocols have been developed to measure different modalities including genome (Vitak et al., 2017), epigenome (Mulqueen et al., 2018), proteome (Darmanis et al., 2016), and chromatin accessibility (Cusanovich et al., 2015), as well as profile spatial (Wang et al., 2018) or lineage (Raj et al., 2018) information. Furthermore, some assays can even simultaneously capture multimodal data from the same cell (Stuart and Satija, 2019). Additionally, the third-generation sequencing technologies like nanopore can sequence RNA and DNA with super long reads (Rand et al., 2017; Garalde et al., 2018); such technological advances and improvements will effectively accelerate the refinement of single-cell multi-omic approaches. As single-cell technology matures (including sensitivity, coverage, and throughput) and the continuous decrease in cost, multi-omic studies will be more feasible and affordable. Collectively, we envision that the advances of multi-omic assays coupled with novel computational approaches will enable a more comprehensive understanding and elucidation of diverse cellular processes and significantly transform the single-cell biology.
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b3galt6 Knock-Out Zebrafish Recapitulate β3GalT6-Deficiency Disorders in Human and Reveal a Trisaccharide Proteoglycan Linkage Region
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Proteoglycans are structurally and functionally diverse biomacromolecules found abundantly on cell membranes and in the extracellular matrix. They consist of a core protein linked to glycosaminoglycan chains via a tetrasaccharide linkage region. Here, we show that CRISPR/Cas9-mediated b3galt6 knock-out zebrafish, lacking galactosyltransferase II, which adds the third sugar in the linkage region, largely recapitulate the phenotypic abnormalities seen in human β3GalT6-deficiency disorders. These comprise craniofacial dysmorphism, generalized skeletal dysplasia, skin involvement and indications for muscle hypotonia. In-depth TEM analysis revealed disturbed collagen fibril organization as the most consistent ultrastructural characteristic throughout different affected tissues. Strikingly, despite a strong reduction in glycosaminoglycan content, as demonstrated by anion-exchange HPLC, subsequent LC-MS/MS analysis revealed a small amount of proteoglycans containing a unique linkage region consisting of only three sugars. This implies that formation of glycosaminoglycans with an immature linkage region is possible in a pathogenic context. Our study, therefore unveils a novel rescue mechanism for proteoglycan production in the absence of galactosyltransferase II, hereby opening new avenues for therapeutic intervention.
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INTRODUCTION

Proteoglycans (PGs) comprise a group of complex biomacromolecules, consisting of a core protein and one or multiple glycosaminoglycan (GAG) side chains, that are ubiquitously expressed in the extracellular matrix (ECM) and on cell surfaces and basement membranes in vertebrate and invertebrate species (Prydz and Dalen, 2000; Selleck, 2000; Couchman and Pataki, 2012; Lindahl et al., 2015). Besides their structural role, PGs act as mediators between the ECM and intracellular signaling pathways and contribute to development and tissue homeostasis, influencing a variety of cellular processes including cell fate determination, cell proliferation, migration, adhesion, differentiation, and survival (Malfait et al., 2013).

The PG superfamily is, depending on the composition of the GAG chains, subdivided into heparan sulfate (HS) and chondroitin/dermatan sulfate (CS/DS) PGs. These GAG chains are linear polysaccharides, composed of a repeated disaccharide unit consisting of an uronic acid and amino sugar. HSPGs, such as perlecan, syndecan and glypican, consist of repeating glucuronic acid (GlcA)-N-acetyl-glucosamine (GlcNAc) disaccharides. CSPGs consist of repeating GlcA-N-acetyl-galactosamine (GalNAc) disaccharides. DS is a stereoisomer of CS, in which GlcA is epimerized to iduronic acid (IdoA). In mammalian tissues, CS and DS chains are often present as hybrid CS-DS chains on PGs (e.g. decorin, biglycan) (Sugahara et al., 2003). Tightly controlled modifications, such as epimerization and sulfation reactions, further increase the structural and functional diversity of the HS and CS/DS PGs (Kusche-Gullberg and Kjellen, 2003; Bui et al., 2010). GAG biosynthesis of both HSPGs and CS/DSPGs is initiated in the endoplasmic reticulum and Golgi apparatus by the formation of a common tetrasaccharide linkage region (glucuronic acid-galactose-galactose-xylose-O-) (GlcA-Gal-Gal-Xyl-O-) via O-glycosylation of a serine residue of the core protein (Figure 1A; Prydz and Dalen, 2000; Couchman and Pataki, 2012; Lindahl et al., 2015). The first step in the biosynthesis of this tetrasaccharide linkage region is catalyzed by xylosyltransferases (XylTs) encoded by the paralogs XYLT1 [MIM 608124] and XYLT2 [MIM 608125] (Gotting et al., 2000). Two Gal residues are subsequently added by, respectively, galactosyltransferase I (GalT-I or β4GalT7 encoded by B4GALT7 [MIM 604327]) and galactosyltransferase II (GalT-II or β3GalT6 encoded by B3GALT6 [MIM 615291]) (Almeida et al., 1999; Bai et al., 2001). Further addition of a GlcA by glucuronosyltransferase I (GlcAT-I encoded by B3GAT3) [MIM 606374] completes the formation of the linkage region (Kitagawa et al., 1998).
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FIGURE 1. Schematic representation of the GAG biosynthesis and the evolutionary conservation of the zebrafish and human b3galt6/B3GALT6 gene and B3galt6/β3GalT6 protein. (A) Simplified schematic representation of the PG linkage and GAGs biosynthesis. PG core proteins are synthesized in the endoplasmic reticulum and undergo further modification in the Golgi apparatus. First, a tetrasaccharide linkage region is synthesized that originates from the addition of a Xyl onto a serine residue of the core protein. Subsequent addition of two Gals and one GlcA residues completes this process. Depending on the addition of GlcNAc or GalNAc to the terminal GlcA residue of the linkage region, HS or CS/DS PGs will be formed, respectively. The elongation of the GAG chain continues by repeated addition of uronic acid and amino sugar residues. The GAG chain is then further modified by epimerization and sulfation (not shown). The main genes encoding for the enzymes involved in the linkage region biosynthesis are indicated in bold and biallelic mutations in these genes result in different linkeropathies. Disorders resulting from deficiency of the enzymes are indicated in black boxes. The deficient enzyme (β3GalT6) and the related disorder studied here are depicted in red (e.g., spEDS-B3GALT6 and SEMD-JL1). (B) Schematic representation of the genomic structure of the H. sapiens B3GALT6 (NM_080605.4) and D. rerio b3galt6 (NM_001045225.1) genes. The white and black boxes represent the untranslated regions and the single B3GALT6/b3galt6 exon, respectively. The zebrafish b3galt6 gene resides on chromosome 11, spans a region of 1.06 kb and has not been duplicated during teleost evolution. (C) Amino acid (AA) sequence alignment (Clustal Omega) between H. sapiens β3GalT6 (Uniprot: Q96L58) and D. rerio B3galt6 (Uniprot: Q256Z7). The luminal galactosyltransferase domain is highlighted in gray. Conservation of AA sequences is shown below the alignment: “*” residues identical in all sequences in the alignment; “:” conserved substitutions; “.” semi-conserved substitutions; “space” no conservation. (D) Schematic representation of the cmg20 allele in b3galt6 mutants. b3galt6 consists of three parts, a cytosolic domain (AA 1-11), a transmembrane domain (TM, AA 12-34) and a luminal domain (AA 35-335). The location of the CRISPR/Cas9-generated indel variant is indicated by a scissor symbol and the resulting premature termination codon (PTC) is depicted by a red star. (E) RT-qPCR analysis of relative b3galt6 mRNA expression levels in b3galt6–/– adult zebrafish (0.597 ± 0.03919) (n = 5) compared to WT siblings (1 ± 0.05395) (n = 6). Data are expressed as mean ± SEM. A Mann-Whitney U test was used to determine significance, **P < 0.01.


The cellular machinery required for GAG biosynthesis and modification is conserved over a broad range of eukaryotic organisms (Wen et al., 2014). The particular importance of a correct initiation of GAG synthesis is underscored by the identification of a series of severe, overlapping and multisystemic genetic human disorders that result from deficient activity of any of these “linkage-enzymes,” collectively coined as “linkeropathies” (Guo et al., 2013; Nakajima et al., 2013; Jones et al., 2015). The most frequently reported linkeropathy results from galactosyltransferase II deficiency, caused by biallelic pathogenic variants in B3GALT6. This leads to two clinically overlapping conditions, spondylodysplastic Ehlers-Danlos syndrome (EDS) (spEDS-B3GALT6) and spondyloepimetaphyseal dysplasia with joint laxity type I (SEMD-JL1) (Malfait et al., 2013; Nakajima et al., 2013), both of which are characterized by variable degrees of spondyloepimetaphyseal bone dysplasia (with postnatal growth restriction, bowing of long bones, hypo- or dysplasia of iliac and long bones, and vertebral body changes), kyphoscoliosis, bone fragility with spontaneous fractures, joint hypermobility in conjunction with joint contractures, hypotonia with delayed motor development, skin fragility, and craniofacial dysmorphisms, including midfacial hypoplasia and dysplastic teeth (Malfait et al., 2013, 2017; Nakajima et al., 2013). The severe and pleiotropic phenotype suggests a critical role for B3GALT6 in the development and homeostasis of various connective tissues. Pathogenic variants in B3GALT6 either result in mislocalization and/or reduced amounts of active galactosyltransferase II (Ritelli et al., 2015). Previous studies on several biallelic B3GALT6 variants showed that they resulted in a barely detectable in vitro galactosyltransferase II enzymatic activity, but intriguingly HS and CS/DS GAG synthesis was partially preserved in cellulo (Van Damme et al., 2018). While some variants may have a greater deleterious effect on the in vitro than on the in cellulo enzymatic activity, it is currently unknown whether there are rescue mechanisms at play to partially compensate for the galactosyltransferase II activity.

In recent years, zebrafish have emerged as an excellent tool to model disease and to increase our understanding of developmental processes and disease mechanisms. Zebrafish share 70% of their genes with humans (Santoriello and Zon, 2012) and the advantages of their use are reflected by their large breed size, short lifecycle and low husbandry costs (Dooley and Zon, 2000). Zebrafish has proven to be a relevant genetic model for the study of PG biosynthesis since many enzymes involved in this process are strongly conserved between human and zebrafish (Eames et al., 2010), and a number of zebrafish models for defective PG synthesis (including fam20bb1125, xylt1b1189, or b3gat3hi307), provided novel knowledge on PG function in bone and cartilage formation (Amsterdam et al., 2004; Nissen et al., 2006; Eames et al., 2010, 2011).

In this study, we generated b3galt6 knock-out (KO) zebrafish as a model for spEDS-B3GALT6 and SEMD-JL1. These models were used to investigate the structure and amount of different GAG disaccharides and the PG linkage region composition in these disorders. Furthermore, in-depth phenotypic characterization of b3galt6–/– zebrafish was done to reveal to which extent key features of the human disorders are recapitulated and to further elucidate the function of galactosyltransferase II in vertebrate musculoskeletal development.



RESULTS


CRISPR/Cas9-Mediated b3galt6 Knock-Out in Zebrafish Leads to Reduced HS and CS/DS Glycosaminoglycan Concentrations in Bone, Muscle, and Skin

Similar to its human ortholog, zebrafish b3galt6 (NM_001045225.1) is a single-exon gene (Figure 1B). Human and zebrafish galactosyltransferase II (β3GalT6/B3galt6) protein sequence display 82.5% amino acid (AA) similarity, with the highest AA conservation in the luminal domain (Figure 1C).

In order to investigate the consequences of zebrafish B3galt6-deficiency on GAG biosynthesis, we generated two b3galt6 KO zebrafish models using CRISPR/Cas9 gene editing. The first KO model carries the c.181delinsAAAGAGCTCCTAAAGGG indel mutation (cmg20 allele), leading to a premature termination codon (PTC) [p.(Phe68∗)], located upstream to the catalytic domain (Figure 1D). RT-qPCR showed a 40.3% reduction of b3galt6 mRNA expression in homozygous adult b3galt6 KO zebrafish compared to wild-type (WT) siblings (Figure 1E). For the remainder of this manuscript, this model will be referred to as b3galt6–/–. The second KO model carries a four base pair deletion (c.398_401del) (cmg22 allele), predicted to generate a PTC [p.(Asn139∗)] in the catalytic domain (NM_001045225.1). This mutant was solely used for validation purposes (Supplementary Figure S1). Both b3galt6 KO zebrafish were produced at an expected Mendelian ratio and survived into adulthood. Unfortunately, commercial antibodies, which were only available against human β3GalT6, did not work in our hands and precluded the investigation of zebrafish B3galt6 protein levels and localization.

To examine the activity of B3galt6 in different b3galt6–/– tissues, concentrations of CS, DS, and HS disaccharides extracted from bone, muscle and skin from WT and b3galt6–/– zebrafish were quantified using a combination of enzymatic digestion and anion-exchange HPLC (Supplementary Figures S2–S5 and Supplementary Tables S1–S4). Overall, a generalized decrease in HS, CS and DS concentration was detected in all examined tissues of b3galt6–/– zebrafish. In the GAG fractions prepared from bone, the disaccharide concentration of the CS/DS and CS moieties was significantly decreased by, respectively, 55 and 64%, compared to WT zebrafish (Table 1 and Supplementary Tables S1, S2). DS moieties were undetectable in bone of b3galt6–/– zebrafish, whereas their concentration was 50.5 pmol/mg protein in bone of WT zebrafish (Table 1 and Supplementary Table S3). A non-significant decrease in the disaccharide concentration of the HS moiety was observed in b3galt6–/– mutant bone (Table 1 and Supplementary Table S4), compared to WT. In GAG fractions prepared from b3galt6–/– muscle, CS/DS, CS, and DS disaccharide moieties were generally lower than in WT muscle (Table 1 and Supplementary Tables S1–S3). Due to the low concentrations close to the detection limit, a significant reduction could only be detected for the DS moiety (72% reduction) (Table 1 and Supplementary Table S3). In addition, a significant decrease in HS disaccharide moieties by 56% was noted in b3galt6–/– muscle compared to WT muscle (Table 1 and Supplementary Table S4). In the GAG fractions prepared from b3galt6–/– skin, the concentration of all disaccharide moieties was significantly reduced compared to WT (Table 1 and Supplementary Tables S1–S4). The disaccharide concentration of the CS/DS, CS, DS and HS moieties were decreased by, respectively, 77, 73, 55, and 62% compared to WT (Table 1 and Supplementary Tables S1–S4). No altered sulfation patterns were observed in disaccharide moieties when comparing unique GAG chains between WT and b3galt6–/– zebrafish samples (Supplementary Tables S1–S4).


TABLE 1 Concentrations of GAG disaccharides in wild-type and b3galt6–/– zebrafish tissues.
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Despite the strong reduction in disaccharide concentrations observed in b3galt6–/– zebrafish, low amounts of GAGs were still produced in the mutants. Similar results were obtained for the second b3galt6 KO zebrafish (cmg22 allele) (Supplementary Table S5). RT-qPCR revealed no significant upregulation of other galactosyltransferase(s) member(s) from the b3galt family (b3galt1a, b3galt2, b3galt4, b3galnt2) or of other linkage-enzymes (xylt1, xylt2, b4galt7 and b3gat3) (Supplementary Figure S6), suggesting that altered expression of these genes did not compensate for the reduced b3galt6 mRNA levels.



B3galt6-Deficiency Leads to the Biosynthesis of a Non-canonical (GlcA-Gal-Xyl-O-) Trisaccharide Linkage Region in Zebrafish

In order to explain why b3galt6–/– zebrafish can still produce GAG chains on PG core proteins, we investigated the composition of the linkage region. To this purpose, whole zebrafish extracts were enriched for all PGs, their GAG chains depolymerized with bacterial lyases, the core proteins digested with trypsin and the remaining glycopeptides subjected to nano-scale liquid chromatography-tandem mass spectrometry (nLC-MS/MS) using a recently developed glycoproteomic approach (Noborn et al., 2015; Persson et al., 2019). Potential structural differences in PG linkage regions in WT versus b3galt6–/– zebrafish are thus elucidated through the combined identities of peptide backbones and GAG linkage region structures. The glycoproteomic analysis identified two CS-glycopeptides derived from biglycan (UniProt: A8BBH0) in both the WT and b3galt6–/– zebrafish. These CS-glycopeptides displayed different linkage region structures in WT compared with b3galt6–/– zebrafish (Figure 2). While the peptide in the WT zebrafish was modified with a hexasaccharide structure (Figure 2A), the peptide in the b3galt6–/– zebrafish was modified with a pentasaccharide structure (Figure 2B), supporting the hypothesis that b3galt6–/– zebrafish produces a non-canonical trisaccharide linkage region. The precursor ion (m/z 1281.7922; 3+) in the WT zebrafish equated to a mass of a peptide (DQEEGSAVEPYKPEHPTCPFGCR) modified with a hexasaccharide structure, with the peptide containing two carbamidomethyl (CAM) modifications. Furthermore, the hexasaccharide structure was modified with one sulfate group (SO[image: image]) on the subterminal GalNAc residue [GlcAGalNAc-H2O + SO3 + H]+, and one phosphate group (HPO[image: image]) on the Xyl residue (Supplementary Figure S7). In contrast, the precursor ion (m/z 1227.7765; 3+) in the b3galt6–/– zebrafish equated to a mass of the same peptide but modified with a pentasaccharide structure, with two phosphate/sulfate groups, with the peptide containing two CAM modifications. The difference in mass between the WT and b3galt6–/– precursor ions corresponds to 162.08 Da, equating to the mass of a hexose (galactose) residue (162 Da). Additional HS- and CS-glycopeptides with the expected tetrasaccharide linkage region were found in the WT. In the b3galt6–/–, no HS-modified structures were identified but additional CS-glycopeptides with the non-canonical trisaccharide linkage region were found. Supplementary Table S6 shows a complete list of all glycopeptides identified in both WT and b3galt6–/– zebrafish. PGs harboring a tetrasaccharide linkage region were never detected in the b3galt6–/– adult zebrafish samples and no trisaccharide linkage region was detected in WT zebrafish samples.
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FIGURE 2. The identification of a trisaccharide linkage region in the b3galt6–/– zebrafish. (A,B) MS2 fragment mass spectra of CS-glycopeptides derived from biglycan (UniProt: A8BBH0) showed different linkage regions in WT compared to the b3galt6–/– zebrafish. (A) The peptide (DQEEGSAVEPYKPEHPTCPFGCR) in WT zebrafish was modified with a residual hexasaccharide structure, corresponding to the canonical tetrasaccharide linkage region (m/z 1281.79; 3+). The hexasaccharide structure was modified with one sulfate group (SO[image: image]) at the subterminal GalNAc residue and one phosphate group (HPO[image: image]) at the xylose residue (Supplementary Figure S7). (B) The peptide (DQEEGSAVEPYKPEHPTCPFGCR) in b3galt6–/– zebrafish was modified with a residual pentasaccharide structure, corresponding to a non-canonical trisaccharide linkage region (m/z 1227.78; 3+). The pentasaccharide structure was modified with two phosphate/sulfate groups. Their exact positioning and identity could not be determined due to low intensities of corresponding ion peaks, and the positions are therefore assigned in analogy of the WT structure.


These observations suggest that B3GAT3/GlcAT-I can transfer a GlcA residue not only to Gal-Gal-Xyl, but also to a Gal-Xyl substrate. This was confirmed by an in vitro GlcAT-I assay, which showed that GlcAT-I is indeed capable of adding a GlcA to a Gal-Xyl-p-nitrophynyl, which was chemically synthesized, thus to a substrate ending with a single galactose (Supplementary Figure S8).



b3galt6–/– Zebrafish Show Early Onset, Progressive Morphological Abnormalities and Delay of Cartilage and Bone Formation, Reminiscent of Human spEDS-B3GALT6

One of the clinical hallmarks of human spEDS-B3GALT6 is the pronounced skeletal involvement with the presence of spondyloepimetaphyseal dysplasia with postnatal growth restriction, bowing of long bones, hypoplasia of iliac bones, femoral head dysplasia, vertebral body changes, kyphoscoliosis and bone fragility with spontaneous fractures (Table 2). To evaluate the development of cartilage and bone associated with B3galt6-deficiency in zebrafish, phenotypic characterization of b3galt6–/– zebrafish was performed in juvenile (20 dpf, days post fertilization) and adult stages (4 months).


TABLE 2 Clinical features and ultrastructural and biochemical abnormalities observed in spEDS-B3GALT6 and SEMD-JL1 individuals compared to the b3galt6–/– zebrafish model.

[image: Table 2]
At 20 dpf, the average weight (W), standard length (SL) and Fulton’s condition factor (K), which is used as a measure for the relative proportion of SL to W (Nash et al., 2006), were not significantly different between b3galt6–/– and WT siblings (Figure 3A), although for SL there was a trend toward smaller mutants (P = 0.0640). Several externally visible morphological anomalies could be observed in 20 dpf b3galt6–/– zebrafish as compared to their WT siblings, including a shorter, more compact head, a shorter and rounder frontal region, a shorter parietal/occipital region and a malformed posterior edge of the opercular apparatus (Figure 3B). Alcian blue (AB) cartilage staining showed no morphological abnormalities, but developmental delay of the head and pectoral and caudal fin endoskeleton was noted (Figure 3B and Supplementary Table S7), with cartilage elements being absent or in early development in b3galt6 KO, while these structures were already fully developed in WT sibling zebrafish. Alizarin red (AR) mineral staining showed delayed mineralization in all regions of the head, the pectoral fin girdle and the caudal fin (Figure 3B and Supplementary Table S8), further confirming developmental retardation. In addition, malformations of different mineralized bones, such as the parasphenoid, branchiostegal rays, supracleithrum, and the subopercle bone could be detected in the head of b3galt6–/– zebrafish larvae (Supplementary Figure S9). The vertebral column, i.e., the vertebral centra and their associated elements (neural and haemal arches), did not show delayed mineralization in b3galt6–/– zebrafish larvae, but malformation of the associated elements and fusions of preural vertebrae were observed at a much higher frequency in the b3galt6–/– mutants. Kyphosis, scoliosis and lordosis were also more frequently observed and pronounced in b3galt6–/– larvae compared to WT siblings (Supplementary Figure S10 and Supplementary Table S8). A similar phenotype was observed in the second b3galt6 KO model (cmg22 allele), confirming the specificity of the displayed phenotype (Supplementary Figure S11).
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FIGURE 3. Developmental delay and morphological abnormalities in 20 dpf b3galt6–/– zebrafish. (A) Weight, standard length and Fulton’s condition factor of WT and b3galt6–/– zebrafish larvae at 20 dpf (n = 10). (B) External phenotype of the head of juvenile WT and b3galt6–/– sibling zebrafish. All images are oriented anterior to the left, posterior to the right, dorsal to the top and ventral to the bottom. (1-1’) b3galt6–/– zebrafish display a rounder frontal region (black line), shorter parietal/occipital region (white horizontal line) and a malformed posterior edge of the opercular apparatus (dotted black line), compared to WT control. (2-2’) Representative images of cartilage AB staining of the head. The olfactory region (indicated by “o” in the WT and arrowhead in the b3galt6–/– picture) and the otic region (indicated by white asterisk) show delayed development of cartilage elements in b3galt6–/– zebrafish as compared to WT. (3-3’) Representative images of AR mineral staining of the head. The olfactory region (indicated by “o”) and the otic region (indicated by asterisk) show severely delayed mineralization in b3galt6–/– zebrafish larvae as compared to WT. (4-4’) Representative images of AB staining of the caudal fin. The modified associated elements show developmental delay in b3galt6–/– zebrafish as compared to WT. E, epural; HS PU2, haemal spine of preural 2; HS PU3, haemal spine of preural 3; Hy1–5, hypural 1–5; NS PU2, neural spine preural 2; opc, opistural cartilage; Ph, parhypural (5-5’) Representative images of AR mineral staining of the caudal fin. Caudal vertebrae and their associated elements show no delay in ossification. Malformation or absence of caudal fin associated elements (block arrow indicates a neural arch; arrowhead indicates a missing haemal arch), and malformation of uroneural (uro) and vestigial neural arches and spines (vna/s) are observed in b3galt6–/– zebrafish; hypurals have a bent appearance. Scale bars: images of the head 500 μm, images of the caudal fin 200 μm.


At the adult stage (4 months), b3galt6–/– zebrafish had a significantly reduced average SL (1.834 ± 0.077 cm), and W (0.1196 ± 0.014 g), when compared to their WT siblings (2.371 ± 0.049 cm, and 0.2497 ± 0.016 g, respectively), while the Fulton’s condition factor (K) indicated that SL and W were normally proportioned to each other (Figure 4A). A similar phenotype was observed in the second b3galt6 KO model (cmg22 allele), confirming the specificity of the displayed phenotype (Supplementary Figure S1).
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FIGURE 4. Characterization of the external phenotype of adult b3galt6–/– zebrafish. (A) b3galt6–/– zebrafish (n = 16) had a significantly shorter standard length (SL) compared to their WT siblings (n = 17). The weight (W) was significantly lower in the mutant zebrafish. The Fulton’s condition factor [K = 100*(W/SL3)] was not significantly different between b3galt6–/– zebrafish and WT siblings. Data are expressed as box plots with min-to-max whiskers on which each individual data point is plotted. An unpaired t-test with Welch’s correction was used to determine significance. ****P < 0.0001, ns: not significant. (B) Adult b3galt6–/– zebrafish exhibit morphological abnormalities compared to their WT siblings; b3galt6–/– zebrafish display interruptions of the blue horizontal stripes (white arrows), smaller fins (arrowhead), aberrations of the head shape (black line), of the shape of the opercular apparatus (white line indicates the posterior edge) and of the pectoral fin (black line and arrow indicate the fin rays at the base of the fin, white line shows the outline of the fin).


The head malformations, which were already observed in 20 dpf b3galt6–/– zebrafish, showed further progression, with a more pronounced smaller, rounded head and an abnormal compaction of the opercular apparatus (Figure 4B). In addition, a reduced surface area of the fins, with a crenelated postero-distal fin edge was observed in the mutant animals. The pectoral fins were pointing in an abnormal upwards angle (Figure 4B). In addition, an altered pigmentation pattern was observed, mainly on the ventral part of the body where the dark stripes showed interruptions (Figure 4B).

Further progression of the larval phenotype was also confirmed by AR staining of the mineralized skeleton in adult (4 months) b3galt6–/– zebrafish. The olfactory region was underdeveloped (Figure 5A), the cranial roof bones and sutures were deformed (Supplementary Figure S12) and the opercular apparatus was smaller and compacted in KO zebrafish (Figure 5A and Supplementary Figure S12). The fifth ceratobranchial arch and its attached teeth were smaller in b3galt6–/– zebrafish (Figure 5B). In the pectoral fins of b3galt6–/– zebrafish the radials were smaller, had an irregular shape, and were often fused (Figure 5B). The autocentra, i.e., the inner layer of the vertebral centra in the vertebral column and caudal fin (Arratia and Schultze, 1992) of KO zebrafish had a normal hourglass shape, but the associated elements often showed presence of extra intramembranous bone (Figure 5 and Supplementary Figure S12) and extra bony elements (Figure 5A). Fusions were observed in preural vertebrae (Figure 5A and Supplementary Figures S12B,C). Lordosis and scoliosis was variably observed in the caudal region of the vertebral column of b3galt6–/– mutant zebrafish (Supplementary Figures S12B,C). Extra mineralization was observed at the edge (growth zone) of b3galt6–/– scales (Figure 5B). Notably, variation in the severity of the skeletal malformations in b3galt6–/– zebrafish was observed.
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FIGURE 5. Alizarin red stained mineralized bone in WT and b3galt6–/– adult zebrafish. The mineralized bones in the skeleton were studied in 4 months old WT and mutant zebrafish after AR mineral staining. (A) b3galt6–/– zebrafish display malformation of the cranium, vertebral column and caudal fin. (A1-1’) The cranium shows an underdeveloped olfactory region (black line) and a smaller compacted opercular bone (asterisk). (A2-2’) The vertebral column shows extra intramembranous outgrowths located where the distal tip of the neural and haemal arches fuse to a neural and haemal spine, respectively (arrowheads). (A3-3’) In the caudal fin fusion of preural vertebrae is observed (asterisk). Associated elements show intramembranous outgrowths (arrowhead) and the presence of extra bony elements (diamond). The distal tip of the hypurals is sometimes split (transparent arrowhead). Structures indicated in the WT caudal fin: Hy1-5, hypural 1-5, Ph, parhypural. (B) Details of mineralized structures in b3galt6–/– zebrafish. (B1-1’) The fifth ceratobranchial arch and its teeth are smaller in KO zebrafish. (B2-2’) The proximal (PR) and distal radials (DR) have irregular shapes in mutant zebrafish. Proximal (asterisk) and distal radials are sometimes fused. The bracket indicates a fusion between a proximal and distal radial, and the first fin ray (FR). (B3-3’) Ribs also show extra intramembranous bone (black arrowhead). (B4-4’) More mineralization was observed at the growth zone (bracket) of the scales in mutant zebrafish (arrowhead). Scale bars = 500 μm.


Subsequent quantitative μCT analysis of 4 months old zebrafish revealed multifaceted effects of B3galt6-deficiency on vertebral morphology and mineralization. Most notably, the volume of vertebral centrum, haemal and neural associated elements was significantly reduced throughout the entire vertebral column in b3galt6–/– zebrafish (P < 0.01), with more pronounced differences in the abdominal region (Figure 6). Tissue mineral density (TMD) was not significantly different in the b3galt6–/– vertebral bodies compared to WT siblings. However, TMD in zebrafish is proportionally related to standard length (Parichy et al., 2009; McMenamin et al., 2016), and b3galt6–/– zebrafish exhibited a significantly reduced body size compared to the WT siblings. We therefore normalized the μCT data to standard length using the normalization procedure outlined by Hur et al. (2017). In this procedure, phenotypic data in WT sibling controls was scaled using the mean standard length of b3galt6–/– zebrafish as the reference length. Remarkably, after normalization, a significant increase in TMD of centrum, haemal and neural associated elements was noted in b3galt6–/– zebrafish compared to WT controls (P < 0.001, P < 0.01, and P < 0.01, respectively) (Supplementary Figure S13).
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FIGURE 6. μCT analysis of adult WT and b3galt6–/– zebrafish. Quantitative μCT analysis of the vertebral column in five mutants vs. five WT zebrafish at the age of 4 months. The bone volume, tissue mineral density (TMD) and bone thickness were calculated for three parts of each vertebra: the vertebral centrum, the neural associated element (neural arch and neural spine) and the haemal associated element (haemal arch and haemal spine). Plots associated with a significant difference are colored in a lighter coloring scheme. The X-axis represents each vertebra along the anterior-posterior axis. The volume is significantly reduced for each part of the vertebra in b3galt6–/– zebrafish (P < 0.01, P < 0.001, and P < 0.000001, respectively). The thickness of the haemal (P < 0.01) and neural (P = 0.001) associated element is also significantly reduced in the mutants whereas the centrum thickness is not significantly reduced in b3galt6–/– zebrafish (P = 0.12). TMD is not significantly different between b3galt6–/– zebrafish and WT siblings when not normalized for standard length (P > 0.2). Data are presented as mean ± SEM. TMD, tissue mineral density; HA, hydroxyapatite.



b3galt6 Knock-Out Zebrafish Display a Disturbed Organization of Type I Collagen Fibrils in Skin, Bone, and Intervertebral Space

Transmission electron microscopy (TEM) studies on the dermis of spEDS-B3GALT6 patients revealed an abnormal collagen fibril architecture with loosely packed collagen fibrils of variable size and shape (Malfait et al., 2013). We therefore studied the effect of loss of galactosyltransferase II activity on collagen fibril architecture. TEM sections of skin biopsies of b3galt6–/– zebrafish showed an abnormal dermal collagen fibril architecture characterized by loosely packed collagen fibrils and larger and more interfibrillar spaces compared to WT siblings (Figure 7A). In addition, at the level of the scales a thicker epidermal layer was observed and electron dense structures were present in the interfibrillar spaces (Figure 7A). Next, we examined the intervertebral region and adjacent vertebral centra in the vertebral column of 5 months old zebrafish by means of TEM. In general, the type I collagen fibers in b3galt6–/– zebrafish displayed a lower degree of organization (Figure 7B). This was observed in immature collagen layers, deposited by osteoblasts in the outer edges of the intervertebral space, but also in the mature type I collagen layers of the intervertebral ligament and in the autocentrum, the inner layer of the vertebral bone, where a lack of the typical plywood-like organization was seen. Detailed investigation of TEM sections of the vertebral bone revealed presence of several electron dense spots of unknown origin in knock-outs. These “dark spots” may reflect extrafibrillar hydroxyapatite crystals (Figure 7B).


[image: image]

FIGURE 7. Collagen fibrillar architecture in 5 months old adult zebrafish. (A) Skin from 5 months old WT and b3galt6–/– adult zebrafish. The epidermis (Ep), the outer layer of the skin covering the scales (S) of zebrafish, appears thicker in b3galt6–/– zebrafish compared to the epidermis of WT zebrafish. A mature zebrafish scale consists of several layers. The limiting layer of the scale (LL) is rich in fine granules that in some areas are linearly arranged, forming dense layers. This matrix contrasts with that of the external layer(s) (EL) below. Structures resembling extrafibrillar crystals (arrowhead) are noted in the external layer of the mutant scale, which are rare in WT zebrafish sections. Upon investigation of the dermis of b3galt6–/– mutants, increased interfibrillar spaces are noted (arrows), which are absent in the dermis of WT adults. Scale bars = 500 nm. (B) Schematic representation and TEM images of the zebrafish intervertebral space. Schematic representation of the zebrafish intervertebral space. AC, autocentrum; B, bone; Cb, chordoblasts; Cc, chordocytes; ColII, type II collagen; E, elastin; iMC, immature collagen type I layer; MC, mature collagen type I layer. Starting from the central body axis, several recognizable structures are present in the intervertebral space along a proximo-distal axis: (i) notochord tissue consisting of chordocytes and chordoblasts, (ii) the notochord sheath consisting of a type II collagen layer and an external elastic membrane, (iii) and a connective tissue ligament consistent of a mature and an immature type I collagen layer. The mature type I collagen layer is organized in a typical plywood-like pattern and is continuous with the inner layer of the vertebral bone, i.e., the autocentrum, which also shows a plywood-like organization. The immature type I collagen layers consist of loose collagen fibers connecting the outer layer of vertebral bones. Notice the higher number of nuclei (N) in the b3galt6–/– zebrafish at the intervertebral space. Mature collagen (MC) displays a typical plywood-like organization, in WT zebrafish but not in comparable regions for b3galt6–/– mutant zebrafish. Cross section and longitudinal type I collagen regions are less clearly demarcated and smaller in immature collagen (iMC) from b3galt6–/– zebrafish compared to WT siblings. It is more difficult to pinpoint the different layers of the autocentrum (AC) in the KO compared to WT zebrafish. Bone (B) from the b3galt6–/– zebrafish shows electron dense structures (arrowhead). Scale bars = 10 μm for the intervertebral space and 1 μm for the other images.


Mass spectrometry analysis of type I collagen modification in bone derived from the vertebral column showed no significant difference in hydroxylation status of the α1(I) K87 and C-telopeptide lysine residues (Supplementary Table S9). These lysine residues are conserved in zebrafish and human type I collagen and are crucial for intermolecular crosslinking of collagen fibrils in bone matrix (Gistelinck et al., 2017).



b3galt6 Knock-Out Zebrafish Display Ultrastructural Muscle Abnormalities and Lower Endurance

Human spEDS-B3GALT6 patients often suffer from muscle hypotonia with a delay in motor development. In view of the observed reduction in the concentration of the different GAG moieties in muscle of b3galt6–/– zebrafish, we investigated the function and the ultrastructural appearance of muscle.

First, the critical swimming speed (Ucrit) and endurance of the zebrafish were assessed by means of a custom-made swim tunnel. The Ucrit, defined as the maximum velocity that the tested zebrafish could sustain for at least 5 min (Plaut, 2000), was significantly lower in b3galt6–/– zebrafish (30.1 ± 2.39 cm/s) compared to length-matched WT (41.61 ± 1.942 cm/s) (P < 0.01) (Figure 8A). The stamina of each zebrafish was determined by an effort test where it was tested how long zebrafish could swim at high speed (37 cm/s) after a 3 min warm-up. This effort test showed that the b3galt6–/– zebrafish performed less well compared to length-matched WT zebrafish, indicating a lower endurance (Figure 8B).
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FIGURE 8. Functional and structural analysis of adult WT and b3galt6–/– zebrafish muscle. (A) The critical swimming speed and (B) the endurance performance was determined for b3galt6–/– and length-matched WT zebrafish. (C) Semi-thin cross sections, stained with toluidine blue, demonstrate the presence of a thicker endomysium (arrowhead), located between the muscle fibers (Mf) at the horizontal myoseptum of b3galt6–/– zebrafish at the age of 5 months. (D) Transmission electron microscope structure of a sarcomere with indications of the Z and M line and A, I, and H band. The sarcomere length was determined at 5 different loci per semi-thin section, for 6 semi-thin sections origination from 3 different zebrafish per genotype (N = 30). A significant increase in sarcomere length for b3galt6–/– is noted. Furthermore, both the A and I band show an increase in length for the mutant zebrafish. Data are expressed as box plots with min-to-max whiskers on which each individual data point is plotted. A Mann-Whitney U test was used to determine significance. ****P < 0.0001, **P < 0.01.


The muscle tissue in the zebrafish trunk was further investigated at the ultrastructural level. Toluidine blue-stained semi-thin cross sections revealed that the endomysium, a layer of connective tissue ensheating the muscle fibers, was enlarged along the horizontal myoseptum of b3galt6–/– zebrafish, although no clear differences in muscle fiber diameter were noted (Figure 8C). Ultra-thin parasaggital sections, investigated by TEM, showed that the length of the sarcomeres, the smallest basic units of striated muscle, as well as the length of the A and I band were significantly increased in the b3galt6–/– zebrafish (Figure 8D).


DISCUSSION

In this study we developed two viable b3galt6 KO zebrafish models using CRISPR/Cas9 mutagenesis, and performed an in-depth characterization of the biochemical, ultrastructural and phenotypical consequences of β3GalT6-deficiency on different tissues, including skin, cartilage, mineralized bone and muscle. These models currently represent the only vertebrate models available for the study of the pathogenetic consequences of β3GalT6-deficiency on tissue development and homeostasis. In both models we detected a significant reduction, yet not a complete absence in b3galt6 mRNA expression (Figure 1E). One possible explanation is the absence of canonical nonsense-mediated decay (NMD) in the single-exon b3galt6 gene, due to a lack of exon junction complexes (EJCs) (Wittkopp et al., 2009). We were unable to examine the effect of the mutations on B3galt6 protein levels and localization due to the unavailability of a suitable antibody. Nevertheless, since the cmg20 and cmg22 alleles are predicted to introduce a PTC, respectively, upstream and in the catalytic domain, residual translation of some mRNA into a truncated protein is not expected to lead to the production of an active enzyme. β3galt6 is a key enzyme in the biosynthesis of the common linkage region of PGs, and reduced levels of active enzyme are thus expected to equally affect the biosynthesis of HS and CS/DS GAG chains. We therefore quantified the disaccharide concentrations in bone, muscle and skin of adult b3galt6–/– zebrafish by means of a combination of enzymatic digestion and anion-exchange HPLC. This revealed a distinct, and relatively proportional decrease in the concentration of CS, DS, hybrid CS/DS and HS moieties in all examined tissues, compared to age-matched WT zebrafish (Table 1). Nonetheless, low amounts of GAGs were still produced in the KO zebrafish in absence of upregulation of other galactosyltransferase member(s) from the b3galt family or by other linkage-enzymes (Supplementary Figure S6). Together with the previous demonstration that the other five β3GalT human enzymes (e.g., β3GalT1, β3GalT2, β3GalT3/β3GalNAcT1, β3GalT4, and β3GalT5) are involved in the biosynthesis of glycoproteins and glycolipids (Bai et al., 2001), compensation for galactosyltransferase II deficiency in zebrafish by other b3galt family members is unlikely. Chinese hamster ovary B3galt6 KO cells were also shown to be capable of producing GAGs, in contrast to Xylt2, B4galt7 or B3gat3 KO cells (Chen et al., 2018). The recent identification of the presence of a non-canonical trisaccharide linkage region, lacking one Gal residue (GlcA-Gal-Xyl-O-), as a minor constituent in the PG bikunin in the urine of healthy human individuals (Persson et al., 2019), prompted us to examine the composition of the GAG linkage region in our b3galt6 KO zebrafish models, by analyzing protein extracts from adult b3galt6–/– and WT zebrafish via LC-MS/MS. This led to the striking finding that the few detected PGs in the b3galt6–/– zebrafish all presented with a trisaccharide PG linkage region, consisting of only one Gal (Figure 2B and Supplementary Table S6). Further in vitro analysis indicated that GlcAT-I/B3GAT3 is capable of adding a GlcA to Gal-Xyl-O- (Supplementary Figure S8). This observation might explain the phenotypic differences observed between GalT-II/B3GALT6 deficiency and deficiencies of the other linkage region enzymes, for which such a rescue mechanism might be absent. This hypothesis is supported by the lack of GAGs in the Chinese hamster ovary Xylt2, B4galt7 or B3gat3 KO cells and by the lethal phenotype observed in the b4galt7 KO zebrafish model (Delbaere et al., 2020b). At present, we have no information on the length of the GAG chains attached to the trisaccharide linkage region or the composition and the possible modifications of these HS and CS/DS chains. As such, the GAG structure, length and modifications in the b3galt6–/– zebrafish might be different from the ones in WT zebrafish.

HSPGs and CS/DSPGs are essential macromolecules for the development, signaling and homeostasis of many tissues. It therefore comes as no surprise that defects in linkage region biosynthesis can affect many organs. Endochondral ossification of cartilage (forming chondral bones) for example is a multi-staged process that must be coordinated in space and time. CS/DSPGs and HSPGS, which have key roles in modulating signaling events during vertebrate skeletal development, are expressed in a spatially and temporally highly controlled manner (Eames et al., 2011), thus regulating the timing of endochondral ossification. Genetic defects disrupting PG synthesis or structure have been shown to disrupt the timing of skeletal development. Two zebrafish models with abnormal PG linkage region biosynthesis, i.e., the fam20b and xylt1-deficient models, revealed partial decrease in CSPGs, which are predominantly present in cartilage, and accelerated endochondral ossification, showing that CSPGs can negatively regulate skeletogenic timing (Eames et al., 2011). On the other hand, a strong reduction in CSPGs and partial decrease in HSPGs was noted in b3gat3 mutant zebrafish, but this led to a delay in endochondral ossification and short and disorganized cartilaginous structures (Holmborn et al., 2012). Our B3galt6-deficient zebrafish models also show a delay in skeletal development at juvenile stages. At 20 dpf, a delay was noticed in the development of cartilage and mineralized bony elements of the craniofacial structures, the pectoral and caudal fin endoskeleton (Figure 3B and Supplementary Tables S7, S8), and these abnormalities had progressed in adult zebrafish. The reduced body length, misshapen cranial bones and smaller teeth observed in the head skeleton, and general skeletal dysplasia with kyphosis and scoliosis seen in the vertebral column of b3galt6–/– adult zebrafish is reminiscent of the skeletal phenotype observed in human β3GalT6-deficient individuals (Table 2).

In addition to skeletal dysplasia, we also observed abnormalities in bone mineralization. Adult mutant zebrafish stained with AR showed the presence of extra intramembranous bone and extra bony elements on the associated elements of the vertebral centra. On the other hand, quantitative μCT analysis of the vertebral column and associated elements revealed a generalized reduction in bone volume and thickness, and a relative increase in TMD after correction for reduced body length of the mutant zebrafish (Figure 6 and Supplementary Figure S13). Although it is not clear so far if the increased fracture risk in spEDS-B3GALT6 patients can be attributed to a lower bone volume combined with a higher TMD, such hypothesis has been put forward for the brittle bone disorder Osteogenesis Imperfecta (OI) based on observations in both patients and animal models (Gistelinck et al., 2016; Fiedler et al., 2018). In the Chihuahua (col1a1achi/+) OI zebrafish model the intrafibrillar mineral platelets were shown to be smaller and more densely packed, leading to an increased mineral to matrix ratio, and consequently a reduced elastic modulus-to-hardness ratio, a measure for fracture toughness (Viguet-Carrin et al., 2006; Bishop, 2016; Fiedler et al., 2018). In addition, in both OI patients and the mouse model oim, reduced collagen matrix organization was shown to lead to the formation of extrafibrillar crystals, which are larger compared to intrafibrillar crystals (Viguet-Carrin et al., 2006). Eventually, additional minerals stabilize the tissue, but they do so at the cost of increased brittleness of the bone (Grabner et al., 2001). In accordance, in b3galt6–/– zebrafish we observed an irregular collagen organization interspersed with large interfibrillar spaces and electron dense spots on ultra-thin sections of skin and bone via TEM. The “dark spots” observed in the vertebral bone could be remnants of extrafibrillar mineral aggregates, contributing to increased mineralization but also increased brittleness of the skeleton.

Abnormalities in collagen fibril organization were observed in many mutant zebrafish tissues. Besides vertebral bone, irregular collagen organization was also observed in the intervertebral space, intervertebral ligament, and the dermis (Figure 7). This strongly resembles the previously reported abnormal dermal collagen fibril architecture in the skin from a β3GalT6-deficient individual (Malfait et al., 2013). This could be attributed to abnormalities in GAG chains of small leucine-rich PGs (SLRPs), such as the DSPGs decorin and biglycan, which are known to be of particular importance for regulating collagen fibril organization in connective tissues through their core protein and GAG chains (Kalamajski and Oldberg, 2010). SLRPs are also thought to influence collagen cross-linking patterns, but the mechanism by which they do so remain largely unknown (Kalamajski and Oldberg, 2010). Although similar hydroxylation levels were observed at K87 and the C-telopeptide of the type I collagen α1 chain in b3galt6–/– and WT adult zebrafish (Supplementary Table S9), we cannot rule out that type I collagen cross-linking might still be affected.

In view of the observation that human β3GalT6-deficient individuals often present quite severe muscle hypotonia with delayed gross motor development and reduced endurance, we also studied the effect of B3galt6-deficiency on GAG synthesis in muscle, and on muscle function and ultrastructure (Figure 8). Similar to the other examined tissues, HS and CS/DS GAG concentrations were severely reduced in muscle tissue. It is known that the ECM in skeletal muscle plays an important role in muscle fiber force transmission, maintenance and repair. Numerous PGs, including the HSPGs syndecans 1–4, glypican-1, perlecan and agrin, and CS/DSPGs, such as decorin and biglycan, are present in muscle ECM. Besides their structural role, many of them are known to bind growth factors (e.g., TGFβ). Those growth factors can be stored and released by the negatively charged GAGs. Certain enzymes in the ECM can cleave GAG chains, thereby releasing associated growth factors, allowing their interaction in cell signaling and mechanotransduction (Gillies and Lieber, 2011). The significant decrease in critical swimming speed (Ucrit) and endurance observed in the b3galt6–/– zebrafish suggest decreased muscle function (Figures 8A,B). Further evidence for an intrinsic muscle dysfunction in the b3galt6–/– model comes from semi-thin muscle sections, showing an enlargement of the connective tissue sheet surrounding the muscle fibers (Figure 8C). Nevertheless, we cannot exclude that the observed skeletal malformations and/or other abnormalities, such as respiratory or neuronal dysfunction, could also influence the outcome of these tests.

Taken together, we generated and characterized the first b3galt6 KO zebrafish models and show that their phenotype largely mimics that of human β3Galt6-deficiency. A strong reduction in HS, CS and DS GAG concentration was observed in b3galt6–/– zebrafish. Yet, we did observe a small amount of GAGs being produced with a unique trisaccharide PG linkage region. Furthermore, we showed that a lack of B3galt6 causes disturbances in collagen fibril organization in skin, ligament and bone, with the latter also showing abnormalities in mineralization, and leads to structural and functional abnormalities of the muscle. These KO zebrafish can serve as useful models to further unravel the underlying pathogenic mechanisms of this complex multisystemic disorder and serve as a tool for the development and evaluation of possible therapeutic interventions, such as the stimulation of intrinsic compensational mechanisms for the production of PGs.

Future studies will focus on verifying the presence of a trisaccharide linkage region in samples (e.g., urine) from human spEDS-B3GALT6 patients. In addition, the hypothesis that B3gat3 is responsible for the remaining GAG synthesis in our b3galt6–/– model should be further explored by inactivating B3gat3 in our b3galt6–/– model via knock-down or knock-out approaches, followed by GAG analysis. Potential therapeutic avenues to explore include stimulation of B3gat3 expression, or enzyme replacement therapy (ERT). For patients with an inborn error of metabolism, such as Gaucher disease and mucopolysaccharidosis, ERT is a well-known therapeutic approach and has already been proven successful (Ferreira and Gahl, 2017). Other (but less straightforward) therapeutic avenues in human are stimulation of residual enzyme via co-enzyme treatment or enzyme enhancement therapy, bone-marrow transplantation or correcting the product deficiency by providing alternate substrate. Nevertheless, we should first investigate the human situation before starting to explore these avenues.



MATERIALS AND METHODS


Zebrafish Maintenance

Wild-type (AB strain) and b3galt6 knock-out zebrafish lines were reared and maintained by standard protocols (Gistelinck et al., 2018). All animal studies were performed in agreement with EU Directive 2010/63/EU for animals, permit number: ECD 16/18. All zebrafish used in a single experiment were bred at the same density. All efforts were made to minimize pain, distress and discomfort.



Alcian Blue and Alizarin Red Staining

Twenty-day-old larvae (n = 10) and 5 months old WT and b3galt6–/– (n = 5) adult zebrafish were stained as previously described (Delbaere et al., 2020b). See Supplementary Information for details.



μCT Scanning Analysis

Whole-body μCT scans of 4 months old WT (n = 5) and b3galt6–/– (n = 5) siblings were acquired on a SkyScan 1275 (Bruker, Kontich, Belgium) using the following scan parameters: 0.25 mm aluminum filter, 50 kV, 160 μA, 65 ms integration time, 0.5° rotation step, 721 projections/360°, 5 m 57 s scan duration and 21 μm voxel size. DICOM files of individual zebrafish were segmented in MATLAB using custom FishCuT software and data were analyzed and corrected for standard length in the R statistical environment, as previously described (Hur et al., 2017).



Histology and Transmission Electron Microscopy

Zebrafish bone, consisting of the last transitional vertebra and two consecutive caudal vertebrae (Morin-Kensicki et al., 2002; Bird and Mabee, 2003), skin, at the lateral line below the dorsal fin, and muscle samples, located dorsolateral underneath the dorsal fin, dissected from 5 months old WT (n = 5) and b3galt6–/– (n = 5) zebrafish, were fixed and embedded in epon following the procedures outlined by Huysseune and Sire (1992).



Swim Tunnel Experiments

Ten WT (5 months) and ten b3galt6–/– zebrafish (8 months), were selected based on their similar (not significantly different) length and weight. The critical swimming speed (Ucrit) was measured in a swim tunnel for both WT and b3galt6–/– zebrafish as previously described (Brett, 1964). Furthermore, the endurance of each zebrafish was tested by means of an effort test in the swim tunnel. Each zebrafish had a 3 min warm-up and after the third minute, the speed increased until 37 cm/s for maximum 7 min. When the zebrafish was not able to swim anymore, the test was stopped.



Collagen Crosslinking Analysis

The collagen crosslinking was analyzed in the dissected vertebral column (excluding Weberian apparatus and urostyle) from 5 months old wild-type (n = 5) and b3galt6–/– (n = 5) siblings as described before in Gistelinck et al. (2016).



Disaccharide Composition Analysis of CS, DS, and HS Chains

The level of total disaccharides from CS, DS, and HS in bone, muscle and skin tissues from 9 months old zebrafish (n = 5) were determined as described previously (Mizumoto et al., 2009; Mizumoto and Sugahara, 2012).



Glycopeptide Preparation and Analysis


LC-MS/MS Sample Preparation

CS- and HS-glycopeptides were purified from 6 months old WT (n = 3) and b3galt6–/– (n = 3) zebrafish using a combination of extraction, trypsin digestion and anion exchange chromatography, slightly modified (see Supplementary Information) from previously described protocols (Noborn et al., 2015, 2016).



LC-MS/MS Analysis

The samples were analyzed on an Orbitrap Fusion mass spectrometer coupled to an Easy-nLC 1200 liquid chromatography system (Thermo Fisher Scientific., Waltham, MA) (see Supplementary Information). Nanospray Flex ion source was operated in positive ionization mode and three separate higher-energy collision-induced dissociation (HCD) MS/MS spectra were recorded for each precursor ion (Noborn et al., 2015, 2016).



LC-MS/MS Data Analysis

The glycopeptide files were analyzed using both manual interpretation and automated Mascot searches for GAG-glycopeptides. The files were manually interpreted using the Xcalibur software (Thermo Fisher Scientific). Database searches were performed against Danio rerio in the UniProtKB/Swiss-Prot database and NCBI using Mascot Distiller (version 2.6.1.0, Matrix Science, London, United Kingdom) and an in-house Mascot server (version 2.5.1). Glycan structures with very small mass differences were manually evaluated at the MS2-level.



GlcAT-I Assay

GlcA-transferase assay was carried out by the methodology as previously described (Kitagawa et al., 1998; Baasanjav et al., 2011; Job et al., 2016), with slight modifications.

Detailed information regarding the procedures used is provided in Supplementary Material and Methods.
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Low back pain is tightly associated with intervertebral disc degeneration (IVDD) and aberrant nucleus pulposus (NP) is a critical cause. miRNAs N6-methyladenosine (m6A) modification accounts for the TNF-α-induced senescence of NP cells. The aim of this study was to investigate whether m6A modification regulates TNF-α-mediated cell viability, cell cycle arrest, and cell senescence and how it works. The results showed that METTL14 expression positively correlated with m6A and TNF-α expression in HNPCs. The knockdown of METTL14 led to the inhibition of the TNF-α-induced cell senescence. METTL14 overexpression promoted cell senescence. METTL14 regulated the m6A modification of miR-34a-5p and interacted with DGCR8 to process miR-34a-5p. The miR-34a-5p inhibitor inhibited the cell cycle senescence of HNPCs. miR-34a-5p was predicted to interact with the SIRT1 mRNA. SIRT1 overexpression counteracted the miR-34a-5p-promoted cell senescence. METTL14 participates in the TNF-α-induced m6A modification of miR-34a-5p to promote cell senescence in HNPCs and NP cells of IVDD patients. Downregulation of either METTL14 expression or miR-34a-5p leads to the inhibition of cell cycle arrest and senescence. SIRT1 mRNA is an effective binding target of miR-34a-5p, and SIRT1 overexpression mitigates the cell cycle arrest and senescence caused by miR-34a-5p.
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INTRODUCTION

Lower back pain (LBP) is the most common chronic pain that affects at least 80% of Americans in their lifetime (Freburger et al., 2009). In general, LBP can be caused by a muscle sprain or strain injury as well as certain diseases, including spinal cord cancer, ruptured or herniated disc sciatica arthritis, kidney infections, and spine infections. It has been revealed that LBP is strongly associated with intervertebral disc degeneration (IVDD) and degenerative disc disease is identified to be the main cause of LBP (Luoma et al., 2000; Morgan et al., 2014). However, despite some reports of treatment to mitigate the pain and symptoms, no effective therapeutic regimen toward IVDD has been established considering that LBP is multifactorial (Froud et al., 2014).

Intervertebral disc mainly comprises of inner nucleus pulposus (NP) and surrounded annulus fibrosus, in which NP is the inner core of the vertebral disc (Pattappa et al., 2012). Comprised of a jelly-like material mainly formed by water and a loose collagen fiber network, NP is essential to maintain intervertebral disc height and mechanical properties (Frost et al., 2019). NP is also characterized to be responsible for controlling the synthesis and decomposition of the NP extracellular matrix (ECM) (Hwang et al., 2014). Moreover, abnormal apoptosis of NP cells (NPCs) is correlated with the pathology of IVDD. The degeneration was mainly manifested by the apoptosis of NP cells, in which the levels of cleaved caspase-3 and Bax were upregulated while the expression of Bcl-2 was downregulated (Kepler et al., 2013; Jiao et al., 2018; Li Z. et al., 2019). Aberrant apoptosis and senescence of NP cells play significant roles in the process of IVDD (Zhao et al., 2006; Jiang et al., 2013; Chen et al., 2018). During the apoptosis of NPCs, tumor necrosis factor (TNF)-α represents a key pro-inflammatory cytokine to promote the induction of apoptosis (Xie et al., 2019). Thus, TNF-α has been commonly recognized as a contributor to IVDD (Wang et al., 2017). Additionally, researchers have unveiled the role of TNF-α in the premature senescence of rat NP cells (Li P. et al., 2017). Through the PI3K/Akt signaling, TNF-α promoted senescence of NP cells.

Non-coding RNAs (ncRNAs), including microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs, have critical contributions to IVDD (Li et al., 2018; Zhu et al., 2019; Xiang et al., 2020). They participate in the regulation of the proliferation of human NP cells (HNPCs) and the synthesis of ECM as well as the degradation-regeneration balance of the ECM in IVDD. Recently, a comprehensive analysis of altered methylation level of miRNA and lnRNAs in IVDD patients was conducted, which verified that N6-methyladenosine (m6A) methylation was one of the most abundant internal RNA modifications in IVDD (Wang X. et al., 2020). A growing number of studies have characterized the critical role of mRNA m6A modification in human diseases (Weng et al., 2018; Han et al., 2019; Han et al., 2020). However, the role of this modification in the pathogenesis of IVDD is fully mysterious. Additionally, the silent mating type information regulator 2 homolog-1 (SIRT1) played a protective role in IVDD and preserves the normal NP cell phenotype (Zhang et al., 2011; Feng et al., 2016; Wang Y. et al., 2020). The mechanism behind has not been explicated yet. In this study, we report the Methyltransferase like (METTL)14-dependent m6A methylation of miR-34a-5p in IVDD patients. Through regulating the processing of miR-34a-5p that targeted SIRT1, METTL14-dependent m6A methylation promoted the TNF-α-induced cell senescence of human NP cells (HNPCs). Our research provided novel insights into the mechanism of IVDD development.



MATERIALS AND METHODS


Clinical Sample Collection

The study was approved by the medical ethics committee of The Affiliated Shanghai General Hospital of Nanjing Medical University and was conducted in accordance with the Declaration of Helsinki. Written informed consents were obtained from all participants. From March 2015 to April 2018, degenerative nucleus pulposus (NP) samples were collected from 30 patients with intervertebral disc degeneration (IVDD) of low (0–3), moderate (4–6), and high (8–10) degenerative grades (n = 10 per group) using the Rutgers score (Nakazawa et al., 2018), who underwent operations at The Affiliated Shanghai General Hospital of Nanjing Medical University. Normal NP samples were collected as controls from ten volunteers. The NP tissues were prepared using the culture medium followed by washing with phosphate-buffered saline under sterile conditions. The prepared samples were then used for the qRT-PCR assay.



Cell Culture and Treatment

HNPCs were isolated and cultured as per the previous report (Dudek et al., 2017). Annulus fibrosus was first washed with sterile phosphate-buffered saline (PBS) 3 times and then meticulously eliminated from the human intervertebral disc tissues. The medium was changed every 3 days. Cultured cells were passaged when reaching a confluence of 80–90%. Cells of the second or third generation were used for further assays. Cells were treated with different doses of TNF-α (SRP2102; Sigma-Aldrich, St Louis, MO, United States) for 24 h at 37°C and 95% humidity in an atmosphere of 5% CO2. Cells without treatment were used as control.



Cell Transfection

pLKO.1 lentiviral vectors containing shRNA targeting human METTL14 were synthesized by Sangon Biotech (Shanghai, China). Human METTL14 or SIRT1 ectopic expression vector was constructed using the pLVX-Puro or pcDNA3.1(+) vector, respectively. HEK293T cells were cultured in 6-well plates and those were transfected with pLKO.1-METTL14-shRNA (shRNA), pLVX-Puro-METTL14 (METTL14), or pcDNA3.1(+)-SIRT1 (SIRT1) using the Lipofectamine reagent as per the manufacturer’s protocol. Post-transfection shRNA and METTL14 vectors were collected and were used for transduction. Cells without transduction or transfection were used as control. Cells transduced with pLKO.1-scramble shRNA (shNC), blank pLVX-Puro, or transfected with blank pcDNA3.1(+) vector were used as the negative control.

miR-34a-5p mimic (5′-UGGCAGUGUCUUAGCUGGUUGU-3′), miR-34a-5p inhibitor (5′-ACAACCAGCUAAGACA CUGCCA-3′), and miR-34a-5p negative control (NC, 5′-CAGUACUUUUGUGUAGUACAA-3′) were synthesized by Genepharm Technologies (Shanghai, China). Transfection was performed using Lipofectamine 2,000 (Invitrogen) as per the manufacturer’s instructions. Cells without transfection were used as control.



Cell Cycle Assay

After treatment, HNPCs were spun down at 1,000 × g for 5 min and fixed with 700 μL of pre-cooled absolute ethanol. RNase A (1 mg/mL, 100 μL) was added to the fixed cells for 30-min incubation 1 in darkness. The resulting cells were further stained with 50 μg/mL of propidium iodide (PI, 400 μL) for 10 min. FACScan flow cytometry (Becton Dickinson, Franklin Lakes, NJ) was then performed using the Cell Quest software (Becton Dickinson).



SAβ-Galactosidase Staining

After treatment, HNPCs were washed with PBS 3 times and stained with freshly prepared SA-β-Gal staining solution following the manufacturer’s protocol (Beyotime Biotechnology Ltd., Shanghai, China). The stained cells were then observed under a microscope.



Co-immunoprecipitation

Cell lysates were prepared with the Radioimmunoprecipitation assay (RIPA) lysis buffer. Antibodies, including anti-METTL14 (ab252562; Abcam, Cambridge, MA, United States), anti-DGCR8 (ab90579; Abcam) or normal IgG antibody (sc-2027; Santa Cruz Biotechnology, Inc.), were incubated with the cell lysates followed by incubation with Protein A/G PLUS-Agarose beads (sc-2003; Santa Cruz Biotechnology, Inc.) for 2 h at 4°C. After washing with the lysis buffer 3 times, the samples were subjected to Western blot analysis using anti-METTL14 (ab223090; Abcam) and anti-DGCR8 (ab191875; Abcam) antibodies.



m6A Content Analysis

m6A in total RNA was analyzed with the m6A RNA Methylation Assay Kit as per the manufacturer’s protocol (Abcam, ab185912).



RNA Immunoprecipitation Assays

Using the Magna RIP RNA-Binding Protein Immunoprecipitation kit (Millipore), RNA immunoprecipitation (RIP) assays were carried out following the manufacturer’s protocol. Total RNA (input control) and isotype control (IgG) were detected simultaneously. RNAs were extracted for reverse transcription and qRT-PCR.



Luciferase Reporter Assay

SIRT1 3′-UTR region containing a putative miR-34a-5p binding site was cloned into the pGL3 vector. For SIRT1 luciferase reporter assay, the HNPCs were transfected with miR-34a-5p mimic, miR-34a-5p inhibitor, and pGL3-SIRT1-WT or pGL3-SIRT1-MUT plasmid and pRL-TK vector (Promega) expressing the renilla luciferase with Lipofectamine 2,000. The relative luciferase activity was determined and normalized to the Renilla luciferase activity 48 h after transfection according to the standard protocol.



RNA Isolation and Quantitative RT-PCR

Total RNA of HNPCs was extracted using TRIzol reagent (Invitrogen) and the RNeasy Mini Kit (Qiagen, Hilden, Germany). Reverse transcription was conducted using PrimeScriptTMRT reagent Kit with gDNA Eraser (Takara, Beijing, China). The resulting products were used for qRT-PCR amplification with SYBR Premix Ex TaqTM GC (Takara). GAPDH or U6 was used as the normalization control. The primers for qRT-PCR are listed in Table 1. The fold changes of mRNA or miRNA were determined by the 2–ΔΔCT method.


TABLE 1. Primes sequences used in this study.
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Western Blot

The cell lysates were prepared using the radioimmunoprecipitation assay lysis buffer (Beyotime, Shanghai, China). The quantitation of protein in the samples was performed using the bicinchoninic acid (BCA) Protein Assay Kit (Beyotime). For SDS-PAGE, 20 μg of protein sample was loaded to each well followed by the transmembrane onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, United States). The blocking of the membrane was conducted by incubating with 5% fat-free milk and then primary antibodies against METTL3 (ab195352; Abcam), METTL14 (ab223090; Abcam), WTAP (ab195380; Abcam), SIRT1 (ab110304; Abcam), and GAPDH (#5174, Cell Signaling Technology) overnight at 4°C. The blots were then washed in Tris-buffered Saline Tween-20 (TBST) three times and then incubated with secondary antibodies (A0208, A0216; Beyotime, Shanghai, China). The blots were examined by chemiluminescence using the Enhanced Chemiluminescence Detection kit (Pierce Biotechnology, Rockford, IL, United States). After exposure, the intensity of bands was analyzed by Image-Pro Plus 6.0 software.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, United States). Data were shown as mean ± standard deviation (SD) from the triplicates of independent experiments. The difference between different groups was analyzed using a two-sided Student’s t-test and ANOVA. P-values< 0.05 were considered significant.



RESULTS


The Level of m6A Modification Is Positively Correlated With TNF-α in IVDD Patients

TNF-α is the main pro-inflammatory cytokines principally associated with the progression of IVDD (Purmessur et al., 2013). To verify the relationship between TNF-α and the m6A methylation in IVDD patients, we first examined the level of m6A methylation in the NP tissues from the patients and discovered an increase in the level of m6A modification (Figure 1A). Therefore, we further implemented screening of the expression of genes related to m6A methylation, including METTL3, METTL14, and Wilms tumor 1-associated protein (Figures 1B–D). With the increase of the IVDD grades, all the genes exhibited higher expression than the normal group. Meanwhile, TNF-α expression increased along with the IVDD grades (Figure 1E). To better determine the correlation between the expression of TNF-α and m6A modification-related genes, we calculated Pearson correlation coefficients for each gene by plotting the TNF-α mRNA level against the m6A level or the mRNA level of the genes (Figures 1F–I). Among the three genes, TNF-α and METTL14 (r = 0.7299, P < 0.001) were more correlated than the other two, which is similar to the correlation between TNF-α expression and the m6A methylation level. Similar phenomena were also observed in HNPCs. With the increase in the stimulation concentrations of TNF-α, the level of m6A methylation was significantly elevated (Figure 1J). Accordingly, compared with the untreated HNPCs, the METTL14 mRNA level and the protein level in the treatment groups had also experienced significant increases (Figures 1K,L). As a result, it is indicated that the METTL14-mediated m6A modification is positively correlated with TNF-α in IVDD models.
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FIGURE 1. Correlation between TNF-α and m6A modification in IVDD patients. (A) The m6A level and expression of (B) METTL3, (C) METTL14, (D) WTAP, and (E) TNF-α in normal controls and IVDD patients. (F–I) Pearson correlation scatter plots in IVDD patients (n = 30). (J) The m6A level and (K,L) expression of METTL14 in HNPCs treated with different doses of TNF-α. *P < 0.05, **P < 0.01, ***P < 0.001 compared with normal control; ###P < 0.001 compared with low grade; Δ P < 0.05, ΔΔ P < 0.01 compared with moderate grade.




METTL14 Knockdown Inhibits TNF-α-Induced Cell Cycle Arrest and Senescence

The discovery of the positive correlation between the expression of METTL14 and TNF-α in IVDD models motivated us to further explore the impact of METTL14 on TNF-α-induced NP cellular processes. We developed three shRNAs (shRNA 1-3) to silence METTL14 in HNPCs, which significantly reduced the expression of the mRNA and protein compared with the controls (Figures 2A,B). Especially, shRNA 1 and 2 showed better inhibitory potency according to the Western blot result (Figure 2B). In the cell viability assay, TNF-α treatment reduced the cell viability while the use of the two shRNAs to TNF-α-treated HNPCs significantly restored the cell viability (Figure 2C). A further investigation indicated that the suppression of the METTL14 expression affected the TNF-α-induced cell cycle arrest (Figures 2D,E). TNF-α caused the cell cycle arrest of HNPCs at the G0-G1 stage. In comparison, shRNA1 and 2 significantly drove the cells to enter the S and G2-M phases. Additionally, the knockdown of METTL14 enabled the inhibition of TNF-α-induced cell senescence (Figure 2F). Using a senescence-associated (SA) β-galactose assay, we observed that the blue-dyed precipitates had been considerably diminished in the shRNA-treatment groups. From the results above, it is suggested that METTL14 knockdown significantly inhibits TNF-α-induced cell viability inhibition, cell cycle arrest, and cell senescence.
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FIGURE 2. METTL14 silencing inhibits TNF-α-induced cell cycle arrest and senescence. (A,B) Expression of METTL14 in HNPCs transduced with METTL14 shRNA vectors. (C) Cell viability, (D,E) cell cycle, and (F) SA-β-gal staining of HNPCs transduced with METTL14 shRNA vectors and treated with 30 ng/mL TNF-α for 24 h. Scale bar: 50 μm. **P < 0.01, ***P < 0.001 compared with control; ###P < 0.001 compared with TNF-α + shNC.




METTL14 Overexpression Promotes Cell Cycle Arrest and Senescence

To further evaluate the influence of METTL14 on cell cycle arrest and senescence, we overexpressed METTL14 in HNPCs without the TNF-α treatment (Figures 3A,B). Interestingly, despite the absence of TNF-α, the overexpression of METTL14 led to reduced cell viability (Figure 3C). Likewise, METTL14 overexpression remarkably influenced the cell cycle (Figures 3D,E). METTL14 overexpression enhanced the cell cycle arrest, which brought up the percentage of the cells of the G0-G1 phase by 20% (50% for Vector vs. 70% for METTL14). Accordingly, the cell percentage of S and G2-M phases declined. With regard to the efficiency, the overexpression of METTL14 was even comparable to the TNF-α treatment (Figures 3D,E). When using the SA β-galactose assay to identify the cell senescence of METTL14-overexpressing HNPCs, we observed promoted cell senescence (Figure 3F), which was similar to the TNF-α treatment. Therefore, the METTL14 overexpression assays substantiated that METTL14 inhibited cell viability and promote cell cycle arrest and senescence.
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FIGURE 3. METTL14 overexpression promotes cell cycle arrest and senescence. (A,B) Expression of METTL14 in HNPC cells transduced with the METTL14 expression vector. (C) Cell viability, (D,E) cell cycle, and (F) SA-β-gal staining of HNPCs transduced with a METTL14 expression vector for 24 h. Scale bar: 50 μm. **P < 0.01, ***P < 0.001 compared with vector.




METTL14-Dependent m6A Methylation Regulates the Processing of miR-34a by DGCR8

METTL14 can interact with DGCR8 to positively regulate the primary miRNA process in an m6A-dependent manner (Ma et al., 2017). In our case, we intended to pursue the downstream target of the METTL14-DGCR8 axis. To this end, we first established the interaction between DGCR8 and METTL14 in HNPCs by co-immunoprecipitation (Figure 4A). Moreover, in METTL14-overexpressing HNPCs we also saw a significant increase in the binding between METTL14 and DGCR8 (Figure 4B). The findings above solidified that METTL14 mediated pri-miRNA processing by regulating the recognition and binding of DGCR8 to pri-miRNAs.
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FIGURE 4. METTL14-dependent m6A methylation regulates the processing of miR-34a by DGCR8. (A) Co-immunoprecipitation of the METTL14-interacting protein DGCR8. IgG antibody was used as the control for the immunoprecipitation. (B) Immunoprecipitation of DGCR8 in cells overexpressing METTL14 or not. Western blot was conducted using the antibodies depicted. (C) Four up-regulated miRNAs were searched out according to their expression levels in TNF-α-treated HNPC cells and in NP tissues of IVDD patients. (D) Expression of miR-200c-3p, miR-27a-3p, miR-34a-5p and miR-15b-5p in HNPC cells transduced with METTL14 shRNA vectors or overexpression vector. (E) Expression of pri-miR-34a, pre-miR-34a, and miR-34a-5p and (F) the levels of pri-miR-34a m6A in HNPC cells transduced with METTL14 shRNA vectors and treated with 30 ng/mL TNF-α for 24 h. (G) Expression of pri-miR-34a, pre-miR-34a, and miR-34a-5p and (H) the levels of pri-miR-34a m6A in HNPC cells transduced with a METTL14 expression vector for 24 h. (I) Pearson correlation scatter plots in IVDD patients (n = 30). Immunoprecipitation of (J) DGCR8-associated and (K) m6A modified RNA from HNPC cells transduced with METTL14 expression vector followed by qRT-PCR to detect pri-miR-34 binding to DGCR8 and to assess the pri-miR-34a m6A modification level, respectively. **P < 0.01, ***P < 0.001 compared with control or vector. ###P < 0.001 compared with TNF-α + shNC.


Furthermore, we detected the association between the four miRNAs, which were upregulated in TNF-α-treated HNPCs and in NP tissues from IVDD patients (Cao and Chen, 2017; Kang et al., 2017; Cheng et al., 2018; Xiang et al., 2020), and METTL14 (Figure 4C). Compared with the other three miRNAs, the miR-34a-5p level skyrocketed (>3.5-fold) accompanying the overexpression of METTL14 (Figure 4D). Accordingly, the suppression of METTL14 by the specific shRNAs significantly reduced the miR-34a-5p relative level. When subjected to the TNF-α treatment, HNPCs exhibited remarkably high expression of miR-34a-5p and pre-miR-34 but low level of pri-miR-34, indicating that miR-34 was processed (Figure 4E). The addition of METTL14 shRNAs tremendously mitigated the TNF-α-induced increase in mRNA levels of miR-34a-5p and pre-miR-34. Furthermore, the relative pri-miR-34a m6A level was also enhanced by TNF-α, which was abolished by METTL14 knockdown (Figure 4F). Conversely, the overexpression of METTL14 promoted the formation of miR-34a-5p and pre-miR-34 (Figure 4G). The relative level of pri-miR-34a m6A showed a fourfold increase when METTL14 was overexpressed (Figure 4H).

As a result, the level of METTL14 exhibited a positive correlation with that of miR-34a-5p in NP tissues of IVDD patients (Figure 4I). The regulation of the pri-miR-34a level was tightly associated with the interaction between METTL14 and DGCR8 (Figures 4J,K). The DGCR binding level as well as the m6A modification level was significantly promoted by METTL14, indicating that METTL14 played a vital role in the maturation of pri-miR-34a. Taken together, these results indicate that the METTL14 promoted the processing of pri-miR-34a by DGCR8 in an m6A manner.



miR-34a-5p Inhibitor Rescues the Cell Cycle Arrest and Senescence Induced by METTL14 Overexpression

To verify the potential function of miR-34a-5p in IVDD, we introduced the corresponding miRNA inhibitor in the METTL14-overexpressing HNPCs. The miR-34a-5p inhibitor considerably counteracted the effects of METTL14 overexpression on cell senescence of HNPCs (Figure 5). The cell viability (Figure 5A), cell cycle arrest (Figures 5B,C), and cell senescence (Figure 5D) were largely rescued by the inhibitor. As a result, evidenced by the data, the METTL14-induced cell cycle arrest and senescence can be recovered by the miR-34a-5p inhibitor, thus manifesting the indispensable role of miR-34a-5p in regulating METTL14-dependent cell senescence.
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FIGURE 5. miR-34a-5p inhibitor rescues the cell cycle arrest and senescence induced by METTL14 overexpression. (A) Cell viability, (B,C) cell cycle, and (D) SA-β-gal staining of HNPC cells transduced with the METTL14 expression vector and transfected with miR-34a-5p inhibitor for 24 h. Scale bar: 50 μm. **P < 0.01, ***P < 0.001 compared with vector. ###P < 0.001 compared with METTL14 + NC.




miR-34a-5p Promotes Cell Cycle Arrest and Senescence by Targeting SIRT1

Using the mRNA interaction prediction server1, we predicted the potential interaction between the miR-34-5p and the 3′-UTR of SIRT1 mRNA (Figure 6A). To better analyze the interaction, we devised a dual-luciferase assay using the SIRT1 wildtype mRNA (SIRT1-WT) and the SIRT1 3′-UTR mutant mRNA (SIRT1-MUT) in HNPCs that were treated with the miR-34a-5p inhibitor or the miR-34a-5p mRNA mimic (Figure 6B). In the SIRT1-WT group, the inhibitor approximately generated a 9-fold drastic increase in luciferase activity. By contrast, the mimic led to lower luciferase activity. Instead of inducing changes in luciferase activities, in the SIRT1-MUT group, no matter whether the inhibitor or the mimic failed to generate any signal, indicating that the mutation of 3′-UTR jeopardized the interaction between miR34a-5p and SIRT1 mRNA. Furthermore, SIRT1 mRNA expression can be influenced by miR-34a-5p (Figure 6C). The miR-34a-5p inhibitor significantly promoted SIRT1 expression in HNPCs while the mimic considerably suppressed the expression. We next overexpressed SIRT1 in HNPCs to determine the effects of SIRT1 on cell senescence of HNPCs in the presence of the inhibitor or the mimic of miR-34a-5p (Figures 6D,E). The miR-34a-5p mimic lowered the cell viability of HNPCs. However, SIRT1 overexpression in HNPCs largely restored the cell viability despite the presence of the miR-34a-5p mimic (Figure 6F). SIRT1 overexpression was also active in attenuating the miR-34a-5p-induced cell cycle arrest, in which more HNPCs entered S and G2-M phases (Figure 6G,H). Cell senescence of HNPCs caused by miR-34a-5p was reversed by SIRT1 overexpression as well (Figure 6I). Based on these findings, we established the relationship between the level of SIRT1 mRNA and the levels of miR-34a-5p and METTL14 mRNA in NP tissues of IVDD patients (Figures 6J,K). SIRT1 expression was negatively correlated with either the miR-34a-5p level or the METTL14 mRNA level. Therefore, our results demonstrate that SIRT1 served as a critical target in process of the miR-34a-5p-promoted cell cycle arrest and senescence.
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FIGURE 6. miR-34a-5p promotes cell cycle arrest and senescence by targeting SIRT1. (A) Predictive miR-34a-5p binding sites in the 3′-UTR of SIRT1 mRNA. (B) Dual-luciferase reporter assays demonstrated that SIRT1 was the direct target of miR-34a-5p. (C–E) Expression of SIRT1 in HNPC cells transfected with miR-34a-5p inhibitor, miR-34a-5p mimic, or SIRT1 expression vector. (F) Cell viability, (G,H) cell cycle, and (I) SA-β-gal staining of HNPC cells transfected with miR-34a-5p mimic and a SIRT1 expression vector for 24 h. (J) Pearson correlation scatter plots in IVDD patients (n = 30). Scale bar: 50 μm. (K) Diagram of the mechanism. *P < 0.05, **P < 0.01, ***P < 0.001 compared with NC or vector. ##P < 0.01, ###P < 0.001 compared with mimic + vector.




DISCUSSION

miRNA has been found closely associated with cellular process regulation, cell function, and diseases (Bhaskaran and Mohan, 2014). The modification of miRNAs, especially methylation, can largely affect the functions of mRNA, which further regulates cellular processes and biological activities (Bianchi et al., 2017). Recent reports link IVDD with miRNAs, suggesting that miRNAs can act as potential therapeutic targets (Li et al., 2015; Zhou et al., 2017). Herein, we have devised various assays to clarify the mechanism of m6A methylation promoted cell senescence in IVDD.

The level of m6A modification significantly increased in the HNPCs, which was correlated with the level of TNF-α in IVDD patients. m6A modification has been characterized as the most prevalent internal mRNA modification in mammalian cells, which accounts for regulating various important biological processes (Zhang et al., 2019). Rising evidence is confirming the role of m6A in cell development and cancers (Fazi and Fatica, 2019; Chen and Wong, 2020). Li et al. have characterized the function of m6A methylation in controlling the proliferation of human glioma cells by influencing apoptosis (Li F. et al., 2019). Yang et al. have reported the m6A-modulated proliferation and apoptosis of lens epithelial cells (Yang et al., 2020). However, there is no previous report on the relation between m6A methylation and IVDD. Our discovery of a high level of m6A modification in NP tissues of IVDD patients expands the scope of related research. More importantly, we have identified that METTL14, one of the “writer” protein, was more tightly associated with m6A modification, the expression of which was positively correlated with the level of m6A methylation as well as the TNF-α. Jian et al. (2020) have reported the mechanism of METTL14-promoted endothelial inflammation and atherosclerosis through driving FOXO1 m6A modifications. They proved the major role of METTL14 in TNF-α-induced endothelial cell inflammation. As a process tightly associated with inflammation, cell senescence includes irreversible cell cycle arrest (Stojanovic et al., 2020). In our study, we have clearly illustrated the role of METTL14 in cell senescence, which solidifies the function of METTL14 in TNF-α-induced inflammation. With the increased expression of this writer protein, cell viability decreased while cell cycle arrest and senescence were significantly promoted.

The identification of METTL14 as the main regulator of m6A modification in IVDD models allowed us to further explore the mechanism behind it. Studies have shown that METTL14 actively participates in the processing of miRNAs by interacting with DGCR8 (Feng et al., 2010; Ma et al., 2017). Accordingly, our co-immunoprecipitation assay also confirmed the interaction between METTL14 and DGCR8 in HNPCs, which proves that METTL14 played a role in regulating miRNA maturation in IVDD models. Interestingly, through an in-depth screening of miRNA change in either HNPCs or NP tissues of IVDD patients, we identified several upregulated miRNAs, in which miR-34a-5p showed a positive correlation with the m6A modification level. When varying the METLL14 level in HNPCs, we were able to capture the regulation of the miR-34a-5p processing. Similar to the processing of miR-126 (Feng et al., 2010) and miR-19a (Zhang et al., 2020), METLL14 positively modulated the maturation of miR-34. Thus, the RNA levels of pre-miR-34 and miR-34a-5p were significantly elevated in contrast to the mitigated pri-miR-34 level. The m6A methylation of pri-miR-34 was found active under the circumstance of METTL14 overexpression.

Previous studies have discussed the mechanism of m6A-promoted cell senescence (Li Q. et al., 2017; Wu et al., 2020). The METTL3/METTL14-mediated m6A methylation can enhance p21 expression which is further promoted. oxidative stress-induced cellular senescence (Li Q. et al., 2017). Through interacting with Lamin A, METTL3/14 can be properly localized in the nuclear speckles to achieve the regulatory function (Wu et al., 2020). Our study has deepened the current understanding of m6A modification in cell senescence. Mainly regulated by METTL14, m6A-involved cell senescence was originated from the methylation of miR-34a-5p followed by the interaction with the 3′-UTR of the SIRT mRNA. During the process, the maturation of the mRNA was largely promoted, reflected by the escalated levels of miR-34a-5p and pre-miR-34and reduced level of pri-miR-34. The role of METTL3 in the regulation of senescence.

It is noted that miRNAs can play vital roles in cell senescence (Li et al., 2009; Faraonio et al., 2012; Baker et al., 2019). miR-34a-5p has been identified as a possible cause of cell senescence in HNPCs in our study. Xia et al. have characterized the mechanism of miR-34a-5p-induced cardiac senescence-related injury. It is shown that miR-34a-5p serves as an exosomal transfer RNA and the inhibition of miR-34a-5p mitigated the pro-senescent effect in cardiomyocytes and subsequently alleviated the irreversible cell cycle arrest (Xia et al., 2020). miR-34a-5p is also found involved in regulating the switch between senescence and apoptosis in non-small cell lung cancer (Gupta et al., 2020). Herein, we have presented that the inhibition of miR-34a-5p significantly decreases the senescence of HNPCs. As a result, miR-34a-5p demonstrates prevalent senescent effects in varieties of tissues and organs, which can be a major biological function of this miRNA.

Additionally, Maes et al. (2009) used a miRNA microarray assay to reveal the upregulation of miR-34 in senescent cells. We advanced the results and proved that this miRNA was further processed through the METTL14-DGCR8 axis. Our data have demonstrated that miR-34a-5p induced cell senescence by targeting the downstream factor SIRT1. SIRT1 localizes in both the nucleus and cytoplasm to function in many crucial biological activities, including lifespan extension, ADP-ribosyl-transferase, DNA repair, cell cycle arrest, and cellular senescence (Lee et al., 2019). The sequence of miR-34a-5p was predicted to pair with that of the 3′-UTR of SIRT1. The use of the miR-34a-5p mimic resulted in typical senescence that was largely inhibited by overexpressing SIRT1. In IVDD patients, SIRT1 expression was negatively correlated with the levels of the METTL14 mRNA and miR-34a-5p. Therefore, our findings reinforce the idea that SIRT1 prevents cell senescence.

Our data were mainly obtained from the in vitro model of HNPCs, which can be further explored in in vivo IVDD models. Due to limited studies in the related field, the concrete mechanism of METTL14-mediated m6A modification and maturation of miR-34a has not been fully elucidated. Efficient disruption of the interaction between miR-34a-5p and SIRT1 in both in vitro and in vivo levels to alleviate IVDD still requires more sophisticated and intensive investigations. Additionally, the interaction between METTL14 and DGRC8 is also worth dedicated studies to uncover the entire axis.

Our current study reveals that m6A-modified miR-34a-5p promotes induced NPC senescence by targeting SIRT1, which represents the first attempt to discover the association between miRNA modification and cell senescence in IVDD models (Figure 6K). By characterizing the role of the miR-34a-5p-SIRT1 axis in cell senescence, we have proposed a potential direction for developing an IVDD therapy by disrupting the interaction between miR-34a-5p and SIRT1 or inhibiting METTL14.
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Premature infants have a high risk of bronchopulmonary dysplasia (BPD), which is characterized by abnormal development of alveoli and pulmonary vessels. Exosomes and exosomal miRNAs (EXO-miRNAs) from bronchoalveolar lavage fluid are involved in the development of BPD and might serve as predictive biomarkers for BPD. However, the roles of exosomes and EXO-miRNAs from umbilical cord blood of BPD infants in regulating angiogenesis are yet to be elucidated. In this study, we showed that umbilical cord blood-derived exosomes from BPD infants impaired angiogenesis in vitro. Next-generation sequencing of EXO-miRNAs from preterm infants without (NBPD group) or with BPD (BPD group) uncovered a total of 418 differentially expressed (DE) EXO-miRNAs. These DE EXO-miRNAs were primarily enriched in cellular function-associated pathways including the PI3K/Akt and angiogenesis-related signaling pathways. Among those EXO-miRNAs which are associated with PI3K/Akt and angiogenesis-related signaling pathways, BPD reduced the expression of hsa-miR-103a-3p and hsa-miR-185-5p exhibiting the most significant reduction (14.3% and 23.1% of NBPD group, respectively); BPD increased hsa-miR-200a-3p expression by 2.64 folds of the NBPD group. Furthermore, overexpression of hsa-miR-103a-3p and hsa-miR-185-5p in normal human umbilical vein endothelial cells (HUVECs) significantly enhanced endothelial cell proliferation, tube formation, and cell migration, whereas overexpressing hsa-miR-200a-3p inhibited these cellular responses. This study demonstrates that exosomes derived from umbilical cord blood of BPD infants impair angiogenesis, possibly via DE EXO-miRNAs, which might contribute to the development of BPD.

Keywords: bronchopulmonary dysplasia, microRNA, angiogenesis, exosome, preterm infants


INTRODUCTION

Very preterm infants (VPI, gestational age <32 weeks) account for 10% of preterm birth infants, and its prevalence keeps increasing in the world (Blencowe et al., 2013). Bronchopulmonary dysplasia (BPD) is one of the most severe respiratory complications in VPI, leading to fetal developmental delay and mortality (Reiterer et al., 2019). Development of BPD is attributed to a wide range of factors including use of ventilator, hyperoxia therapy, and other perinatal risk factors (Jobe and Bancalari, 2001). However, pathogenesis and the underlying mechanisms of BPD remain elusive.

The main pathological features of BPD include developmental retardation of alveoli and microvascular dysfunction (Kalikkot Thekkeveedu et al., 2017). The BPD-impaired pulmonary microvascular endothelium is primarily induced by hyperoxia (Buczynski et al., 2013). The decreased expression of pro-angiogenesis factors, such as vascular endothelial growth factor (VEGF) in BPD patients, is associated with pulmonary vasculature dysfunction (Bhatt et al., 2001; Alvira, 2016). In neonatal rats, BPD also impairs function of lung endothelial progenitor cells which are essential for lung microvascular growth and development (Alphonse et al., 2014). In addition, the number of endothelial progenitor cells decreased in the umbilical cord blood of the preterm infants with subsequent development of BPD (Bertagnolli et al., 2017). It is well-known that suppression of angiogenesis restrains the alveolarization during lung development in rats (Jakkula et al., 2000). On the other hand, improvement of pulmonary angiogenesis is beneficial for the alveolar development, which might prevent the development of BPD in animal models (Stenmark and Balasubramaniam, 2005). Thus, identifying the intrinsic factors which induce angiogenesis impairment will advance our understanding of BPD development and help us develop novel therapies and predictors for BPD.

Exosomes are nanosized extracellular vesicles with sizes ranging from 30 to 120 nm in diameter. Exosomes express a set of markers, such as cluster of differentiation 63 (CD63), Alix/apoptosis-linked gene-2 (ALG-2)-interacting protein X (Alix), and tumor susceptibility gene 101 protein (TSG101) (Willms et al., 2016; Salomon and Rice, 2017). Exosomes contain a number of signaling molecules including microRNAs (miRNAs), proteins, and messenger RNAs, which can be delivered as signaling molecules between cells. The function of exosomes varies in different cell types (Ghaemmaghami et al., 2020; Hashemian et al., 2020; Sadri Nahand et al., 2020; Amiri et al., 2021). Specially, exosomes derived from endothelial progenitor cells can promote the angiogenesis of pulmonary microvascular endothelial cells (Zhang et al., 2019). Exosomes derived from mesenchymal stromal cells (MSC) strengthen the tube formation of human umbilical vein endothelial cells (HUVECs) and promote the vascularization and alveolarization in BPD rats (Braun et al., 2018). It has been reported that maternal living environment, hereditary background, and perinatal circumstances can significantly alter the composition of exosomes from umbilical cord blood (Lura et al., 2018). Till now, it remains unclear whether exosomes in umbilical cord blood affect fetal pulmonary angiogenesis, contributing to the development of BPD.

MicroRNAs (miRNAs) are one of the main components of exosomes which have been implicated in numerous disorders including BPD (Zhang et al., 2015; Lal et al., 2018). Thus, exosome-derived miRNAs are potential candidates as the therapeutic targets and the biomarkers and prognosis markers for BPD (Mianehsaz et al., 2019; Asgarpour et al., 2020; Nahand et al., 2020a, b). Recent evidence has shown that maternal and umbilical exosomes contain an array of miRNAs that critically regulate angiogenesis (Jia et al., 2018). Exosomes isolated from bronchoalveolar lavage fluid of BPD mice can reduce the expression of miR-876-3p, suggesting that exosomal miR-876-3p could serve as a miRNA biomarker of severe BPD and may be used as a target for treating BPD (Lal et al., 2018). However, it remains unknown if exosomal miRNA profiles of umbilical cord blood differ between the BPD-susceptible (BPD group) and BPD-resistant (NBPD group) very preterm infants and if these differences contribute to impaired angiogenesis in BPD. In contrast to the much invasive and harmful approach of obtaining neonatal bronchoalveolar lavage fluid, collection of umbilical cord blood is non-invasive and safer for preterm infants.

In this study, we hypothesized that the differential expression of umbilical cord blood-deprived EXO-miRNAs between the BPD group and NBPD group is a major contributing factor of abnormal angiogenesis in BPD. Angiogenesis is a complex process in which endothelial cell proliferation and migration are essential steps (Folkman and Shing, 1992). Several well-known pro-angiogenic factors, such as basic fibroblast growth factors (bFGF) and vascular endothelial growth factor (VEGF), and platelet-derived endothelial cell growth factor (PF-ECGF), stimulate angiogenesis through promoting endothelial cell proliferation and migration (Klagsbrun and D’Amore, 1991). Endothelial cell proliferation and migration are the most common indicators for in vitro angiogenesis (Nowak-Sliwinska et al., 2018). Thus, this study used endothelial cell proliferation and migration assays as well as tube formation in vitro to evaluate angiogenesis. We determined the effects of umbilical cord blood-derived exosomes collected from the BPD and NBPD of very preterm infants on angiogenesis. Differentially expressed (DE) EXO-miRNA profiles between these two groups were analyzed. We also determined the effects of the DE EXO-miRNAs on endothelial angiogenesis. We identified a set of DE EXO-miRNAs in umbilical cord blood-derived exosomes from BPD and NBPD infants and provided new insights for the developing diagnosis and therapeutic strategies for BPD.



MATERIALS AND METHODS


Study Subjects and Biospecimen Collection

Patients with very preterm delivery (28–31+6 weeks) were recruited at the Department of Neonatology, the Third Affiliated Hospital of Guangzhou Medical University, China. Patient recruitments and blood sample collection were approved by the Ethics Review Board of the Third Affiliated Hospital of Guangzhou Medical University. All experiments were performed in accordance with the ethical standards as laid down in the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.

The inclusion criteria of the subjects are as follows: pregnant women without complications such as preeclampsia, gestational diabetes mellitus, premature rupture of membranes, and vaginal bleeding, and without adverse pregnancy history and multiple pregnancy or infectious diseases including vaginitis, gingivitis, respiratory tract infection, and urinary tract infection. Participants and corresponding infants were divided into BPD group or NBPD group depending on whether the infants developed BPD or not.

Umbilical cord vein blood (∼20 ml) was collected immediately after parturition and kept at 4°C for 30 min, followed by centrifugation (3000 rpm at 4°C for 15 min) to obtain serum samples. The serum was aliquoted and stored at −80°C until further analysis.



Exosome Isolation

The serum sample (2 ml/infant) was centrifuged at 16,000 g at 4°C for 20 min to remove any remaining cells and cell debris. The supernatant was filtered through a 0.22-μm filter and diluted with 1 ml sterile PBS. Next, polyethylene glycol 6000 (PEG6000, Sigma-Aldrich, United States) was added to the supernatant mixture (1:4). Afterward, the mixture was gently vortexed and kept in 4°C for 60 min, followed by centrifuging at 10,000 g for 20 min. The exosome pellet was resuspended in 200–500 μl sterile PBS (pH = 7.4) and stored it at −80°C.



Exosome Identification

Exosome suspension (5 μl/infant) was diluted into a total volume of 10 μl, fixed with 2% paraformaldehyde (PFA), and stained with 2% uranyl acetate solution for 1 min, followed by air drying. The morphology of exosome was observed by a transmission electron microscope (JEOL-JEM1400, JEOL Ltd., United States) at an acceleration voltage of 80 kV. The size distribution of exosomes was determined by nanoparticle tracking analysis (NTA). The sample (5 μl) was diluted step by step with PBS (5 μl). Then, the NTA measurements were performed using a Particle Metrix ZetaView instrument (Particle Metrix GmbH, Germany) with laser and video camera module (Particle Metrix GmbH, Germany). Flow mode with tracking of the Brownian motion of nanoparticles was used. The expression of exosomal surface marker proteins (TSG101 and Alix) was determined by Western blotting.



Cell Culture and Exosome Treatments

Human umbilical vein endothelial cells were obtained from Cellcook (Guangzhou, China). HUVECs were cultured and passaged in high-glucose Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific, United States) supplemented with 10% fetal bovine serum (FBS, Gibco, United States). Endothelial cells were starved for 16 h and then treated with exosomes (50 μg/ml) or an equivalent vehicle for various times before performing cell proliferation, migration, and tube formation assays.



MiRNA Transfection

MicroRNA transfection was conducted as described (Zhou et al., 2017). Hsa-miR-103a-3p mimic, hsa-miR-185-5p mimic, hsa-miR-200a-3p mimic, and miRNA mimic negative control were purchased from Sangon Biotech (Shanghai, China). The sequences of miRNA mimics are listed in Table 1. HUVECs were transfected with miRNA mimics (200 pmol) and equivalent mimic negative controls using Lipofectamine 2000 reagent (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions. Overexpression of miRNAs was confirmed by qRT-PCR after 24 h of miRNA mimic transfection. Effects of these miRNA mimics on angiogenesis were assessed after 48 h of miRNA mimic transfection.


TABLE 1. MiRNA mimic sequences.
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Western Blotting

Human umbilical vein endothelial cells were lysed in RIPA buffer (50 mM Tris-base, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, pH 6.7), followed by centrifugation to obtain total protein samples. The protein concentration in the sample was measured using BCA assay kit (Thermo Fisher Scientific, United States). Protein samples were electrophoresed in sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel and transferred to polyvinylidene fluoride membranes (PVDF, Millipore, Billerica, United States). Blots were blocked with 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at room temperature. Then, the membranes were incubated with primary antibodies (anti-TSG101: ab125011, Abcam, 1:5000; anti-Alix: #2171, CST, 1:1000) at 4°C overnight, followed by incubation with the horseradish peroxidase-conjugated secondary antibodies (horseradish peroxidase-conjugated anti-mouse: ab205719, Abcam, 1:1000; horseradish peroxidase-conjugated anti-rabbit: ab6721, Abcam, 1:1000) at 37°C for 1 h. The blots were developed using Chemiluminescent ECL reagent (Forevergen, China), and their gray values were analyzed using Image J software (NIH, United States).



Cell Proliferation Assay

Cells (1 × 106 cells/ml) were seeded into 96-well plates and subjected to the indicated treatments. When the treatment period was over, CCK-8 (10 μl, Beyotime Company, China) was added into each well and the plate was further incubated for additional 4 h. Afterward, optical density (OD) at 490 nm was read by microplate reader (Shanghai Flash Spectrum Biological Technology Company, China).



Tube Formation Assay

Forty-eight-well plates were coated with Matrigel (BD Biosciences, United States) according to the manufacturer’s instructions. HUVEC cells (1.6 × 104 per well) were seeded on Matrigel-coated plates and treated with exosomes or equivalent vehicle. For the miRNA overexpression experiments, HUVECs (1.6 × 104 per well) transfected with corresponding miRNA mimic were seeded on Matrigel-coated plates. Cells were then incubated at 37°C with 5% CO2. Three fields were captured in microscope (Olympus BX51, Japan) randomly at 6 h after treatments, and the tube formation was analyzed using the Image J software (NIH, United States).



Cell Migration Assay

Cell migration assay was performed using transwell (8.0 μm pore size, Corning, NY, United States) according to the manufacturer’s instructions. HUVECs were adjusted to the cell density of 1 × 106 cells/ml. Then, 100 μl cell suspension was added to the upper chambers and 600 μl complete medium was added to the lower chambers. Cells in the upper chambers were treated with exosomes or equivalent vehicle for 16 h. Cell seeding procedures were the same as above to study the migration of HUVECs transfected with miRNA mimic, but there was no exosome treatment. Migrated cells were fixed with 4% paraformaldehyde and stained with 1% crystal violet. Cell migration images were taken using a Nikon Eclipse Ti microscope (Tokyo, Japan). The number of migrated cells was counted using Image J software (NIH, United States).



Next-Generation Sequencing (NGS) and Bioinformatics Analysis

Total RNAs of exosomes were obtained using MiniBEST Universal RNA Extraction Kit (Takara, Japan). The concentration and quality of total RNA was determined by NanoDrop ND1000 (Thermo Fisher Scientific, United States). Reverse transcription reaction and gene library preparation were performed using NEBNext® Multiplex Small RNA Library (E7300L, NEB, United States) according to the manufacturer’s instructions, followed by assessment of the final library product using the Agilent Bioanalyzer 2100 system (Agilent, United States). The library was then sequenced in the Illumina HiSeq 4000 platform using the 150 bp paired-end sequencing strategy. Cluster 3.0 software (United States) was used to generate a heat map of DE miRNA between the two groups (FDR ≤ 0.001 and | Log2Ratio| ≥ 1). Gene ontology (GO) enrichment was analyzed using Gene Ontology Enrichment Analysis Software Toolkit (GOEAST) with default parameters, including the molecular functions, biological processes, and cellular components. KEGG Orthology Based Annotation System (KOBAS) software was used to analyze the Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathways for the differential expressions of miRNAs.



qRT-PCR Analysis

EXO-miRNAs were purified using a SeraMir Exosome RNA Purification Kit (System Biosciences, Mountain View, CA, United States), followed by miRNA cDNA generation using the TaqMan microRNA assay kit (Applied Biosystems, Foster City, CA, United States) according to the manufacturer’s instructions. Total RNAs of cultured cells were extracted using Trizol Reagent (Invitrogen, United States). Revert Aid first-strand cDNA synthesis kit (Fermentas, Life Sciences, Canada) was then used to generate cDNA. qRT-PCR analysis was performed using SYBR Premix Ex TaqTM II in the ABI PRISM® 7900HT System (Takara Biotechnology, Japan). Relative standard curve method (2–ΔΔCT) was used to determine the relative mRNA expression. The miRNA-specific forward primers were synthesized in Sangon Biotech (Shanghai, China) and the universal reverse primer provided by the TaqMan microRNA assay kit. U6 small nuclear RNA was used for normalization. The sequences of miRNA PCR primers were indicated in Table 2.


TABLE 2. Primer sequence for miRNA qPCR.
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Potential Target Gene Evaluation

The target genes of hsa-miR-185-5p were predicted using mirtabase1. qRT-PCR was used to verify cyclin-dependent kinase 6 (CDK6) and DNA methyltransferase 1 (DNMT1) in HUVECs after 24 h of overexpression of hsa-miR-185-5p. A previous study showed that miR-185-5p suppressed the expression of vascular endothelial growth factor A (VEGFA) in human ovarian microvascular endothelial cells (Matthay and Abman, 2018). Thus, we also tested if VEGFA was the target gene of hsa-miR-185-5p. The primer sequences of these target genes are shown in Supplementary Table 1.



Statistical Analysis

Quantitative data were presented as the Mean ± SD. The unpaired Student’s t-test was carried out to analyze the differences between two groups. One-way ANOVA followed by Bonferroni’s post hoc test was used to compare the statistically significant differences between the means of three or more groups. Qualitative data in basic demographic information were compared using the Chi-square test. All statistical analyses were performed using SPSS 22 software. P < 0.05 indicates a statistically significant difference.




RESULTS


Participants’ Clinical Characteristics

Demographic characteristics of maternal and preterm infants in BPD and NBPD groups are shown in Table 3. No significant differences were found in maternal age, sex ratio, incident rate of gestational diabetes, and Apgar score between BPD and NBPD infants. The gestational age of the BPD group was significantly smaller (P < 0.05) than that of the NBPD group, while the maternal body mass index (BMI) of the BPD group were significantly (P < 0.05) higher than that of the NBPD group. The birth weight, birth length, and head circumference of infants in the BPD group significantly (P < 0.05) decreased when compared with the NBPD group.


TABLE 3. The demographic characteristics of patients.
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Exosome Characteristics of NBPD and BPD Groups

Exosome-surface markers, Alix and CD63, were confirmed in the vesicles of both groups (Figure 1A). The vesicles had an oval- or round-shaped appearance with a vesicle-like structure, as well as having a deep-stained lipid bilayer membrane in TEM images (Figure 1B). The diameter of the vesicles of both groups ranged from 30 to 150 nm, and the size distributions were comparable in both groups (Figure 1C). The results indicated that the isolated nanoparticles were exosomes, and they were comparable between two groups in term of the morphology, size, and size distribution.


[image: image]

FIGURE 1. Exosome identification. (A) Expression of exosomal markers was determined by Western blotting. (B) Representative images showing morphology of exosome (red arrow) under transmission electron microscopy. (C) Nanoparticle size distribution measured by NTA. n = 3.




Exosomes of the BPD Group Impaired Endothelial Cell Proliferation, Migration, and Tube Formation

We determined the effects of exosomes from NBPD and BPD groups on endothelial cell proliferation, migration, and tube formation (Figure 2). As shown in Figure 2A, exosomes from the NBPD group significantly (P < 0.05) increased cell proliferation when compared with the vehicle control group using an equivalent volume of PBS, whereas exosomes from the BPD group significantly (P < 0.05) inhibited cell proliferation when compared with the NBPD group at 24 h and 48 h. Exosomes from both NBPD and BPD groups inhibited (P < 0.05) endothelial migration when compared with vehicle control, and the inhibitory effect was further enhanced in the BPD vs. NBPD groups (Figures 2B,C). We also found that exosomes from the BPD group significantly (P < 0.05) reduced tube formation when compared with NBPD group (Figures 2D,E).
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FIGURE 2. Effects of umbilical cord blood-derived exosomes on endothelial proliferation, migration, and tube formation. (A) HUVECs were treated with exosomes (50 μg/ml) from NBPD and BPD infants or vehicle for 24 h and 48 h, respectively. Cell proliferation was determined using CCK-8. (B,C) HUVECs were treated as indicated for 16 h, and number of migrated cells was determined by transwell. *,#P < 0.05 versus control and NBPD group, respectively. N = 3. Scale bar = 30 μm. (D,E) HUVECs were treated with exosomes or vehicle as indicated. Tube formation was determined at 6 h after treatments (scale bar = 50 μm). *, # P < 0.05 versus control and NBPD, respectively. n = 3.




Differential Expression of miRNA in Exosomes From NBPD and BPD Groups

We carried out NGS and bioinformatic analysis to determine the differential expression of EXO-miRNAs between NBPD and BPD groups. We obtained 20,912,199 and 20,435,555 clean reads in the NBPD and BPD groups, respectively, indicating that data had a desirable quality (Supplementary Table 2). As shown in Figures 3A,B, the length distribution of EXO-miRNAs in both NBPD and BPD groups dominantly ranged from 19 to 24 nucleotides (nt) with a peak at 22 nt, and it was comparable between two groups. A total of 2588 EXO-miRNAs were identified from both groups (Supplementary Table 3). A total of 418 DE EXO-miRNAs were found (Figure 3C and Supplementary Table 4), among which 328 miRNAs were upregulated while 90 miRNAs were downregulated. GO and KEGG analysis were performed on predicted target genes of DE EXO-miRNAs to exhibit the functional annotation. As shown in Figure 3D, most of the target genes were involved in biological processes, cellular component, and molecular function. Regarding the terms of the biological process, the most dominant categories were cellular process, single-organism process, biological process, and metabolic process. In the terms of cellular component, the major categories included cell, cell part, and organelle. The most enriched categories in the terms of molecular function were binding, catalytic activity, and nucleic acid binding transcription factor activity. The top 20 enriched pathways according to KEGG results are shown in Figure 3E. We found that the most enriched pathways were the cancer-related pathways, PI3K-Akt signaling pathway, pathways related to HTLV-I infection, microRNA in cancer, and proteoglycans in cancer, as well as MAPK signaling pathway.
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FIGURE 3. EXO-miRNA profile of umbilical cord blood from NBPD and BPD infants and the bioinformatics analysis of DE miRNAs. (A,B) The length distribution of EXO-miRNAs in NBPD and BPD patients. (C) Heat map of DE EXO-miRNAs between NBPD and BPD patients. (D) GO analysis results showing the functional categorization of DE miRNAs between NBPD and BPD infants. (E) KEGG pathway analysis showing the top 20 enriched KEGG pathways for DE EXO-miRNAs. n = 4.




MiRNA–mRNA Network and Validation of DE miRNAs Which Are Related to the PI3K-Akt Signaling Pathway

Based on the above KEGG results, we selected EXO-miRNAs related to both the PI3K-Akt signaling pathway and inflammation pathway to generate the miRNA–mRNA interaction network. As shown in Figure 4, 13 miRNAs were involved in these pathways and nine of these miRNAs were predicted to have more than three binding sites with their target genes. To validate DE miRNAs in the exosomes, six EXO-miRNAs were chosen, including hsa-miR-103a-3p, hsa-miR-17-5p, hsa-miR-185-5p, has-miR-200a-3p, hsa-miR-20b-5p, and hsa-miR-765 for qRT-PCR analysis. As shown in Figures 5A–F, the expression of hsa-miR-765 was decreased in exosomes from the BPD group when compared with the NBPD group, which was opposite to the NGS results. Other five miRNAs (hsa-miR-103a-3p, hsa-miR-17-5p, hsa-miR-185-5p, miR-200a-3p, and hsa-miR-20b-5p and) showed similar change trends as in NGS analysis. In addition, among the six validated miRNAs, hsa-miR-103a-3p, and hsa-miR-185-5p showed the most significant reduction, while hsa-miR-200a-3p was the only one showing the increase. We further selected these three miRNAs to validate their expression in exosomes isolated from additional samples from the NBPD and BPD groups which were not used for sequencing. We found that expressions of hsa-miR-103a-3p, hsa-miR-185-5p, and hsa-miR-200a-3p were also consistent with the NGS results (Figures 5G–I).
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FIGURE 4. EXO-miRNA and mRNA interaction network analysis. The network targeting on miRNAs which were involved in the PI3K-Akt signaling pathway and their corresponding targets. Green squares and red round nodes indicate miRNAs and mRNAs, respectively.
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FIGURE 5. Validation of expression of EXO-miRNAs by RT-qPCR. (A–F) Expression of 6 EXO-miRNAs was determined in the exosomes which were used for sequencing. n = 4. (G–I) Expressions of hsa-miR-103a-3p, hsa-miR-185-5p, and hsa-miR-200a-3p were further validated in an additional non-sequencing EXO-miRNAs samples from NBPD and BPD infants. n = 8. *P < 00.05, BPD versus NBPD.




Effects of PI3K-Akt Signaling Pathway-Related DE EXO-miRNAs on in vitro Angiogenesis

We further used miRNA mimics to overexpress three EXO-miRNAs (has-sa-miR-103a-3p, hsa-miR-185-5p, and hsa-miR-200a-3p) to study their functions in endothelial cells (Figures 6A–C). We observed that transfection of three EXO-miRNA mimics elevated the levels of corresponding miRNAs (Figures 6A–C). Overexpression of hsa-miR-103a-3p and hsa-miR-185-5p significantly (P < 0.05) enhanced endothelial cell proliferation (Figures 6D,E). In contrast, overexpression of hsa-miR-200a-3p significantly (P < 0.05) inhibited endothelial cell proliferation (Figure 6F). Overexpression of hsa-miR-103a-3p and hsa-miR-185-5p dramatically (P < 0.05) promoted endothelial cell migration, whereas overexpression of hsa-miR-200a-3p significantly (P < 0.05) suppressed cell migration (Figures 6G,H). Similarly, overexpression of hsa-miR-103a-3p and hsa-miR-185-5p significantly (P < 0.05) enhanced tube formation, whereas overexpression of hsa-miR-200a-3p suppressed (P < 0.05) tube formation (Figure 7). These data uncovered the important function of EXO-miRNAs in regulation of endothelial cell function and angiogenesis.
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FIGURE 6. Effects of hsa-miR-103a-3p, hsa-miR-185-5p, and hsa-miR-200a-3p mimics on endothelial cell proliferation and migration. (A–C) Overexpression of hsa-miR-103a-3p, hsa-miR-185-5p, and hsa-miR-200a-3p in HUVECs. HUVECs were transfected with miRNA mimics for 24 h, and expression of miRNAs was determined by RT-qPCR. (D–F) Cell proliferation was determined at 24 h and 48 h after miRNA mimic transfection. Hsa-miR-103a-3p and hsa-miR-185-5p overexpression promoted endothelial cell proliferation, whereas hsa-miR-200a-3p overexpression suppressed endothelial cell proliferation. (G,H) Cell migration was determined at 6 h after miRNA mimic transfection. Hsa-miR-103a-3p and hsa-miR-185-5p overexpression promoted endothelial cell migration. Hsa-miR-200a-3p overexpression inhibited cell migration. *P < 0.05, versus mimics NC group. n = 3.



[image: image]

FIGURE 7. Effects of hsa-miR-103a-3p, hsa-miR-185-5p, and hsa-miR-200a-3p mimics on endothelial tube formation. Tube formation was determined at 48 h after miRNA mimic transfection. Hsa-miR-103a-3p (A,B) and hsa-miR-185-5p (C,D) overexpression increased endothelial tube formation, whereas hsa-miR-200a-3p overexpression (E,F) reduced tubule number. *P < 0.05, versus mimics NC group. n = 3.




Hsa-miR-185-5p Negatively Regulated CDK6 mRNA Expression in HUVECs

A total of 39 target genes were predicted for hsa-miR-185-5p in HUVECs (Supplementary Table 5). As shown in Figure 8, hsa-miR-185-5p mimics significantly (P < 0.05) reduced CDK6, but not DNMT1 and VEGFA mRNA levels as compared with mimics negative control (mimics NC).
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FIGURE 8. Determination of potential target genes of hsa-185-5p in HUVECs. Cells were transfected with hsa-185-5p mimics or mimics negative control for 24 h. CDK6 (A), DNMT1 (B), and VEGFA (C) mRNA levels were determined using qRT-PCR. n = 3, * versus mimics NC, P < 0.05.





DISCUSSION

To the best of our knowledge, this is the first report demonstrating the roles of the DE EXO-miRNAs in umbilical cord blood from VPI with BPD. We found that exosomes isolated from umbilical cord blood of the BPD group significantly impaired endothelial angiogenesis when compared with the NBPD group. We also identified a set of DE EXO-miRNA in the BPD group with 90 downregulated (e.g., hsa-miR-103a-3p and hsa-miR-185-5p) and 328 upregulated (e.g., hsa-miR-200a-3p) miRNAs in BPD infants. These DE EXO-miRNAs are highly related to the PI3K-Akt signaling pathway. We further observed that overexpression of hsa-miR-103a-3p and hsa-miR-185-5p enhanced the proliferation, migration, and tube formation of endothelial cells, whereas overexpression of hsa-miR-200a-3p inhibited these angiogenic responses. We also identified CDK6 as a target gene of hsa-miR-185-5p. These data support that exosomes from VPI with BPD impair angiogenesis via EXO-miRNAs, which might lead to adverse outcomes of VPI with BPD. Future investigations are urgent to elucidate the potential of these DE EXO-miRNAs as the predictive biomarkers and therapeutic targets for VPI with BPD.

Therapeutic approaches for respiratory care, such as application of antenatal steroids and surfactant, continuous positive airway pressure therapy, and advanced ventilator device, have greatly improved the survival of preterm infants (Matthay and Abman, 2018). However, the increased survival of preterm infants potently increases the incidence of BPD (Stoll et al., 2015). Thus, there is an urgent need to find the biomarkers and effective therapeutic strategies for BPD. Exosome-based therapy has emerged as a potential tool for neonatal lung injury, including BPD (Willis et al., 2018). This is supported by the observation that exosomes derived from mesenchymal stem cells (MSC) protect against experimental BPD in mice (Panfoli et al., 2016), while exosomes derived from endothelial progenitor cells improve angiogenic activity of pulmonary microvascular endothelial cells in the in vitro model of BPD induced by hyperoxia (Zhang et al., 2019). Umbilical cord blood is an important source of these stem cells and exosomes. Exosomes isolated from umbilical cord blood can promote angiogenesis and wound healing (Hu et al., 2018), implying that exosomes derived from umbilical cord blood might participate in lung development. However, the exact roles of exosomes derived from preterm infants’ umbilical cord blood in the development of BPD remains elusive.

Bronchopulmonary dysplasia changes the contents and size of exosomes in the body fluids of infants as compared with the full-term control (Lal et al., 2018). In contrast, our results showed that the exosomes’ size between two groups is comparable. We found that exosomes derived from umbilical cord blood in the NBPD group promoted endothelial angiogenic responses, indicating that umbilical cord blood-derived exosomes from NBPD contains pro-angiogenic factors similar to those in the full-term infants (Hu et al., 2018). Our observation that exosomes from the BPD group impaired endothelial angiogenic responses suggests that the contents of bioactive molecules in exosomes of BPD are detrimental to the fetal vascular function. This is supported by a recent report by Genschmer et al. (2019) who showed that exosomes from the tracheal aspirate of intubated neonates with severe BPD could transfer mice into the BPD phenotype. Thus, the contents of exosomes could be the potential therapeutic targets and biomarkers of BPD development.

EXO-miRNA expression has been profiled in the body fluids of both human infants and animals with BPD (Bhaskaran et al., 2012; Braun et al., 2018). Developing a non-invasive procedure is ethically critical to obtaining clinical samples to investigate the role of miRNAs in the BPD development. This study demonstrates, for the first time, that collecting EXO-miRNA from umbilical cord blood from the very preterm infants with BPD and without BPD is a non-invasive and safe approach.

We have identified a set of DE EXO-miRNAs. These DE miRNAs identified in our study are distinct from those previously reported in the bronchoalveolar lavage fluid of infants with and without BPD (Lal et al., 2018). The discrepancy may be due to different cell and tissue origins of miRNAs (Landskroner-Eiger et al., 2013).

The DE EXO-miRNAs identified in the present study were predicted to potentially regulate a variety of signaling pathways, including PI3K-Akt signaling pathway, HTLV-I infection, and MAPK signaling pathway. Among these pathways, PI3K-Akt, inflammatory, and MAPK signaling pathways are closely related to angiogenesis (Sun et al., 2018). Among DE EXO-miRNAs that participated in these angiogenesis-relevant pathways, our data revealed that hsa-miR-103a-3p and hsa-miR-185-5p decreased most significantly and hsa-miR-200a-3p was the only miRNA which showed an increase in expression in the BPD samples. In addition, this study also showed that both hsa-miR-103a-3p and hsa-miR-185-5p overexpression significantly promoted endothelial cell proliferation, migration, and tube formation, but overexpression of hsa-miR-200a-3p exerted opposite effects on these angiogenesis indexes. Our results indicate that umbilical cord blood-derived exosomes from VPI with BPD impaired angiogenesis, which was potentially through dysregulation of hsa-miR-103a-3p, hsa-miR-185-5p, and hsa-miR-200a-3p.

Overexpression of hsa-miR-103a-3p is associated with the metastasis of breast cancer (Chang et al., 2016) and many other types of cancer (Liang et al., 2015; Fu et al., 2020). Hsa-miR-103a-3p expression is negatively regulated by inflammation (Cheng and Wang, 2020). As inflammation is a major cause of the pathogenesis of BPD, it is possible that inflammation in BPD decreased EXO-hsa-miR-103a-3p in umbilical cord blood from BPD infants. Given that hsa-miR-103a-3p responded to hypoxia and targeted argonaute 1 (AGO1) to promote angiogenesis (Chen et al., 2013), and EXO-miR-103a increases angiogenesis in gastric cancer targeting c-MYB (Liang et al., 2015), downregulation of exosomal hsa-miR-103a-3p in the BPD group is likely to suppress fetal angiogenesis. Our finding that hsa-miR-185-5p overexpression promotes angiogenesis is inconsistent with the previous report, which demonstrates that miR-185-5p suppresses the expression of vascular endothelial growth factor A (VEGFA), inhibiting angiogenesis in human ovarian microvascular endothelial cells (Wei and Zhao, 2020). In our study, hsa-miR-185-5p overexpression did not significantly change VEGFA mRNA expression in HUVECs. One explanation for this discrepancy is that the different endothelial cell types (human ovarian microvascular endothelial cells vs. HUVECs) were used. We identified CDK6 mRNA as a target of hsa-miR-185-5p. CDK6 can either promote or inhibit cell proliferation depending on its interaction with CDK4/6 inhibitor p16ink4av (Kollmann et al., 2013). The roles of hsa-miR-185-5p/CDK6 signaling in angiogenesis have yet to be dissected. Consistent with our results, Chang et al. also found that overexpression of miR-200a-3p impaired angiogenesis (Chang et al., 2020). Our results show that overexpression of hsa-miR-103a-3p and hsa-miR-185-5p might rescue PBD-impaired fetal angiogenesis. However, further investigation is needed to reveal the role of their target genes in regulating angiogenesis in PBD.
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death
Alleviated brain infarction and neurological deficit, increased animal survival,
and accelerated body weight recovery (early NMN administration). Improved
post-ischemic regenerative neurogenesis (delayed NMN administration)
Decreased the NADH/NAD+- ratio and mitochondria protein acetylation in
cKO hearts, and normalized the sensitivity of the mitochondria permeability
ransition pore (MPTP)

Suppressed mitochondrial protein hyperacetylation, improved cardiac
unction, and reduced pathologic hypertrophy induced by pressure overload
Protected mice from pressure overload-induced heart failure, prevented cell
death, preserved mitochondrial ultrastructure and reduced ROS in heart
mproved diastolic function, normalized the defective cardiac contractility,
improved cardiac energy utilization and decreased energy wastage and
whole-body energy expenditure in FXN-KO mice
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Leading candidate Description Trial sponsor(s) Development
of stage
Convalescent plasma Passively transfer antibodies (Immunoglobulin) USA FDA -Sponsored Phase-lll
Expanded access program coordinated by Mayo Clinic
STI-5656 (Abivertinib) Tyrosine kinase inhibitor Sorrento Therapeutics Phase-Ill
PRO 140 (Leronlimab) Monoclonal antibody targeted against CCR5 receptor CytoDyn Inc., United States Phase-lll
PTC299 Dihydroorotate dehydrogenase inhibitors PTC therapeutics, Inc., South Plainfield, NJ, United States Phase-lll
CD24Fc Immunomodulator (New drug) Oncolmmune, Inc., United States Phase-lll
Lenzilumab Chronic Myelomonocytic leukemia Targets Colony Stimulating factors (CSF-2); Multiple countries Phase-lll
Tocilizumab Immunosuppression Roche holding AG, Basel, Switzerland Phase-lll
Sarilumab Rheumatoid arthritis Regeneron-Sanofi, United States Phase-lll
Ravulizumab Compliment inhibitors Alexion pharmaceuticals Inc Phase-lll
Losmapimod MAPK as potent suppressors of DUX4 expression Fulcrum Therapeutics, United States Phase-lll
Pepcid H2 blocker Yamanouchi Pharmaceutical Co., Merck, Japan Phase-lll
Mitigare (Colcrys) Anti-inflammatory agent Bill & Melinda Gates Foundation, United States Phase-lll
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Vaxart
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candidates
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candidate
Adenovirus-based
vector vaccine for
SARS-CoV-2
Modified avian
coronavirus vaccine
Gene-encoded
antibody vaccine
candidate

DPX- SARS-CoV-2
Intranasal DNA-based
vaccine candidate
Single-dose patch
delivery vaccine

Details

BCG vaccine may be effective in preventing acute
respiratory tract infections in elderly patients, other
respiratory infection and sepsis. in the fight against
SARS-CoV-2

mRNA-1273, a vaccine candidate based on previous study
of SARS and MERS

Recombinant novel corona virus vaccine with adenovirus
type 5 vector (Ad5)

SARS-CoV-2, adenovirus vaccine vector MERS vaccine.
DNA vaccine for SARS-CoV-2
Modified mMRNA-based, SARS-CoV-2 vaccine

Recombinant nanoparticle vaccine candidates for
SARS-CoV-2

mRNA-based SARS-CoV-2 vaccine

Oral recombinant SARS-CoV-2 vaccine; gene-based
vaccine

DNA-based vaccine for SARS-CoV-2

Repurposed SARS vaccine and mRNA vaccine candidate

Modified vaccinia ankara virus like particles (MVA-VLP)
vaccine candidate for SARS-CoV-2

Adenovirus-based vector vaccine for SARS-CoV-2

Genetically similar avian coronavirus Infectious Bronchitis
Virus

Next-generation, gene-encoded antibody vaccine for
SARS-CoV-2

T-cell activating immunotherapy antigen vaccine
Stimulating an immune response in the nasal cavity

Vaccine candidate for SARS-CoV-2 delivered through a
single-dose patch

Status

Phase 3 BRACE trial in
Australia, Netherlands

Phase 2 clinical trial

Phase 2 trial

Phase 1/2 clinical trial
Phase 1 trial

Phase 1/2 trial
Phase 1 trial

<

nder progress

U

hase 1 clinica

Preclinical

Lab testing

Pre-clinical testing

Animal testing

Ready for human trials

Phase |

Phase 1 clinical

Phase 1 clinical

Testing in Animal

Organizations

University of Melbourne and Murdoch Children’s Research
Institute (Australia); Radboud University Medical Center
(Netherlands); Faustman Lab at Massachusetts General
Hospital (MGH) (United States)

Kaiser Permanente Washington Health Research Institute

Tongji Hospital, Wuhan, China

The University of Oxford
Inovio Pharmaceuticals
Pfizer and BioNTech

Novavax, United States

CureVac AG, a clinical stage biopharmaceutical
Emergent Biosolutions

Takis Biotech, ltaly

Sanofi, Paris, France
GeoVax and BravoVax, China

Greffex Inc., Aurora, CO, United States

MIGAL — Galilee Research Institute, Israel

Sorrento Therapeutics, Inc., and SmartPharm Therapeutics
Inc., United States

IMV, Canada
University of Waterloo Waterloo, ON, Canada

California-based Biotech company Verndari, United States
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NS3/4A
Replication
inhibitors
Polymerase acidic
endonuclease
inhibitor
polymerase
inhibitor
Anti-inflammatory

Neuraminidase
inhibitor

Existing disease
approval

Investigational
combination

Investigational
combination

Influenza

Malaria, rheumatoid
arthritis

Broad spectrum
anti-viral drug

HIV infection

Antiviral against
RNA viruses
HOV Protease
inhibitor

Anti-viral used for
Influenza
Anti-viral used for
Influenza

Anti-viral used for
hepatitis B Virus
Rheumatoid
arthritis

Prevent Influenza A
and B

Trial sponsor(s)

Oxford University WHO,
CEPI
Oxford University WHO,
CEPI

Fujifim

Coalition for epidemic
preparedness
innovations CEPI)

NIAID, WHO, Gilead

Chinese hospital testing
(Janssen)

BioCryst
Pharmaceuticals
Chinese research
sponsors

Various trials with
Chinese research

Various trials with
Chinese research

Bukwang Pharm,
South Korea

University of Oxford

Roche; REMAP-CAP
global trial

Expected results

Under Clinical trial

Under Clinical trial

Under Clinical trial

Discontinued by
WHO
Under Clinical trial

Under clinical trial

Under clinical trial

Under clinical trial

Under clinical trial

Under clinical trial

Under clinical trial

Phase-lll

Phase-lll
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Categories Suitable scRNA-seq Tools URL References
protocols
Cell to cell Full-length transcript or PyMINEr https://bitbucket.org/scottyler892/pyminer_release Tyler et al., 2019
communication 3'/8'-tag sequencing
scTensor https://rdrr.io/bioc/scTensor/ Tsuyuzaki et al., 2019
iTALK https://github.com/Coolgenome/iTALK Wang Y. et al., 2019
CellPhoneDB https://github.com/Teichlab/cellphonedb Efremova et al., 2020
RNA velocity Full-length transcript or velocyto https://github.com/velocyto-team/velocyto.R La Manno et al., 2018
3'/5'-tag sequencing
scVelo https://github.com/theislab/scvelo Bergen et al., 2019
Copy number Full-length transcript or inferCNV https://github.com/broadinstitute/inferCNV Patel et al., 2014
variation 3'/8'-tag sequencing
HoneyBADGER https://github.com/JEFworks/HoneyBADGER Fan et al., 2018
Chromatin Full-length transcript BIRD https://github.com/WeigiangZhou/BIRD Zhou et al., 2017
accessibility sequencing or 3'/5'-tag
sequencing
Single nucleotide Full-length transcript SAMtools http://samtools.sourceforge.net/ Li, 2011
variants sequencing
Strelka2 https://github.com/lllumina/strelka Kim et al., 2018
FreeBayes https://github.com/ekg/freebayes Garrison and Marth,
2012
RNA editing Full-length transcript GIREMI https://github.com/zhqgingit/giremi Zhang and Xiao, 2015
sequencing
REDItools https://github.com/BioinfoUNIBA/REDItools Picardi and Pesole,
2013
Transcriptome Full-length transcript TransComb https://zenodo.org/record/619944# .XiEfaOgzaUk LiuJ. T. etal., 2016
reconstruction sequencing (genome-guided)

Coding potential
assessment

Circular RNA
identification

Cell composition
deconvolution

Survival analysis

Full-length transcript
sequencing

Total RNA (poly (A+)
and poly (A—) RNAs)
sequencing

Full-length transcript or
3'/8'-tag sequencing

Full-length transcript or
3'/5'-tag sequencing

StringTie (genome-guided
and de novo)

Cufflinks (genome-guided)
Trinity (de novo)
Trans-ABySS (de novo)
rnaSPAdes (de novo)

CPAT

LncRNA-ID

LGC
find_circ2

CircExplorer2
CIRI2
CMP

MuSiC

DWLS
CIBERSORTx
Cox regression

https://ccb.jhu.edu/software/stringtie/

http://cole-trapnell-lab.github.io/cufflinks/
https://github.com/trinityrnaseg/trinityrnaseq/wiki
https://github.com/bcgsc/transabyss
http://cab.spbu.ru/software/rnaspades/

http://rna-cpat.sourceforge.net/

https://github.com/zhangy72/LncRNA-1D

http://bigd.big.ac.cn/biocode/tools/BTO00004
https://github.com/rajewsky-lab/find_circ2

https://circexplorer2.readthedocs.io/en/latest/
https://sourceforge.net/projects/ciri/
https://cran.r-project.org/web/packages/scBio/index.html

https://github.com/xuranw/MuSiC
https://bitbucket.org/yuanlab/dwlis
https://cibersortx.stanford.edu/
https://github.com/therneau/survival

Pertea et al., 2015

Trapnell et al., 2010
Grabherr et al., 2011
Robertson et al., 2010

Bushmanova et al.,
2019

Wang et al., 2013

Achawanantakun et al.,
2015

Wang G. Y. et al., 2019
Memczak et al., 2013

Zhang et al., 2016
Gao et al.,, 2018
Frishberg et al., 2019

Wang X. R. etal., 2019
Tsoucas et al., 2019
Newman et al., 2019
Li, 2003
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OVD type

Myocardial infarction

Myocardial fibrosis

Myocardial injury

Cardiomyopathy

Rortic aneurysm disease

Cardiac senescence

Coronary artery disease

CircRNAs

CDRigs
CicRNA_081881
GrcANA MFACR
CireNfix

CircFndc3b
CircTied
GircRNA_010567
GrcANA_000203
CieNFIB
CircHIPK3
GireNOX1
Circ_0010729
Hsa_circ_0007623
CircDLGAPA
HRCR
CircSLC8A
GcRANA_000203

CIRNAZE
CiRNAZ61
CicANA1191
CicRNAG913
GircANA4251
GIeRNATTN 1/2/4/5
CircSLC8A1
GircCHD?
CrGATXNIO
GicDNAJCS
CircSLC8AT
GircAmott
CircFoxod

Hsa_circ_000595

Hsa_cicRNA_101238
GircANACOS698
GircFoxo3.

GircANRIL

GircHIPK3
GircNrg1
GirWDRTT
Nine GrcRNAS
Hsa_circ_0003575
Hsa_circ_0010729
CircZNFE09

Source

Mouse myocardial issue
Blood.

AR and UR mouse models
Mouse heart section

Mouse hearts
Rat myocardium

Mouse myocardium, cardiac fibroblasts
Mouse myocardium, cardiac fibroblasts
Mouse heart tissue

Mouse cardiac fioroblasts

Mouse cardiomyocytes

Human cardiomyocytes.

Acute ischemia mice

Myocardial ischemia-reperfusion injury
Mouse cardiomyocytes

Mouse cardiomyocytes

NMVCs

Mouse cardiomyocytes
Mouse cardiomyocytes
Mouse cardiomyocytes
Mouse cardiomyocytes
Mouse cardiomyocytes

DCM patient with a heterozygous mutation in RBM20 (E913K).

Human dilated cardiomyopathy
Human dilated cardiomyopathy
Human dilated cardiomyopathy
Human dilated cardiomyopathy
Heart tissues from DCM patient
Human neonatal cardiac tissue
Mouse heart tissue

Artic smooth muscle cels
Human aortic segments
Sow cardiac muscle
Mouse heart tissue

Mouse cardiac fibroblast
Human peripheral blood
Different cellfines.
Diabetic retinopathy
MASMCs.

VSMCs

VSMCs

HUVECs

HUVECs

HUVECs

Action mechanism

Sponge miR-7
Sponge miR-548
Sponge miR-652-3p

Dual function as miR-214 sponge
and inducing YBX1 degradation

Interact with RBP-FUS.
Sponge miR-16b-5p
Sponge miR-141
‘Sponge miR-26b-5p
Sponge miR-433
Sponge miR-29b-3p
Sponge miR-133a-3p
Sponge miR-145-5p
Sponge miR-297
‘Sponge miR-143
‘Sponge miR-223-5p.
Sponge miR-133a
‘Sponge miR-260-5p and
miR-140-3p

Sponge several miRNAS
‘Sponge several miRNAS
Sponge several miRNAS
Sponge several miRNAS
Sponge several miRNAS
Unknown

Urknown

Unknown

Unknown

Unknown

Unknown

Interact with AKT and PDK1
Interact with ID-1, E2F1, FAK, and

HIF1a
‘Sponge miR-19a
Sponge miR-3208
Sponge seven miRNAS

Interact with ID-1, E2F1, FAK, and
HIF1a

P21 and CDK2
Interact with PEST

interact with INK4/ARF

Sponge miR-30a-3p

Sponge miR-193b-5p

Sponge miR-124

Sponge miR-130a-3p

Sponge miR-9-5p and miR-199-3p
Sponge miR-186

Sponge miR-615-5p

VSMGC, vascular smooth mother cell: SMC, smooth mother cell: PBMC, peripheral blood mononuclear cell: HUVEC, human umbilical vein endothelial cells.

Up
Up

Up
Down
Down
Up
Down
Up

Up
Up
Up

Regulation

Up
Down
Y
Down

Down
Up
Up
Up
Down
V3
Y
Down
Up
Up.
Down

Up

Down
Up
Down
Up
Down
Down
up
YU
Up
Down
Up
Up
Up

Up
Up

References

Geng et al. (2016)
Deng et al. (2016)
Wang et a. (2017)
Huang et al. (2019)

Garkipati et a. (2019)
Caietal. (2019)
Zhou and Yu (2017)
Tang etal. (2017)
Zhuetal. (2019)
Nietal (2019)

LiM. etal. (2018)

Jin and Ghen (2019)
Zhang Q. et al. (2020)
WangS. etal. (2019)
Wang et al. (2016)
Lim etal. (2019)
Lietal. (2019)

Meng et a. (2019)
Meng et al. (2019)
Meng et . (2019)
Meng et al. (2019)
Meng et al. (2019)
Khan et al. (2016)
Siede et al. (2017)
Siede et al. 2017)
Siede et al. (2017)
Siede et al. (2017)
Leietal (2018)
Zeng Y. tal. (2017)
Duetal. (2017)

Zheng et al. (2015)

Zouetal. (2017)
Chen et al. (2018)
Duetal. (2017)

Duetal. (2016)
Holdt et al. (2016)
Burd etal. (2010)
Shan et al. (2017)
Sunetal. (2019)
Chen et al. 2017)
Pan etal, (2017)
LiC.Y.etal (2017)
Dang et al. (2017)
Liuetal. (2017)
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CVD type

Myocardial infarction

Congenital heart diseases

Hypertension
Cardiomyopathy

Heart failure
Coronary artery disease

Atrial fibrillation

CircRNAs

MICRA
CircRNA_081881
Hsa_circRNA_004183
Hsa_circRNA_079265
Hsa_circRNA_105039
Hsa_circ_0037911
CircDNAJC6
CircTMEM56
CircMBOAT2
Hsa_circ_0062960
Hsa_circ_0124644
Hsa_circ_0001879
Hsa_circ_0004104
Hsa_circ_0001445
Hsa_circ_025016

Source

Peripheral blood
Plasma

Plasma

Plasma

Plasma

Whole blood
Serum

Serum

Serum

Plasma
Peripheral blood
PBMCs

PBMCs

Plasma

Plasma

Regulation

Up
Down
Down
Down
Down
Up
Down
Down
Down
Up
Up
Up
Up
Down
Up

References

Vausort et al. (2016)

Deng et al. (2016)

Wu et al. (2019)

Wu et al. (2019)

Wu et al. (2019)

Bao et al. (2018)
Sonnenschein et al. (2019)
Sonnenschein et al. (2019)
Sonnenschein et al. (2019)
Sun et al. (2020)

Zhao et al. (2017)

Wang L. et al. (2019)
Wang S. et al. (2019)
Vilades et al. (2020)
Zhang J. et al. (2018)

PBMCs, peripheral blood mononuclear cells.





OPS/images/fcell-08-584051/fcell-08-584051-i001.jpg





OPS/images/fcell-08-584051/fcell-08-584051-i002.jpg





OPS/images/fcell-08-584051/fcell-08-584051-i003.jpg





OPS/images/fcell-08-584051/fcell-08-584051-t001.jpg
Name

circBase
CircInteractome

CircNet

circRNABase

circRNADb
Circ2Traits
CIRCpedia
Deepbase

TSCD
circRNA disease

CsCDh

URL

http://www.circbase.org/
https://circinteractome.nia.nih.gov/

http://circnet.mbc.nctu.edu.tw/

http://starbase.sysu.edu.cn/mirCircRNA.php

http://reprod.njmu.edu.cn/circrnadb
http://gyanxet-beta.com/circdb/
http://www.picb.ac.cn/rnomics/circpedia/
http://deepbase.sysu.edu.cn/

http://gb.whu.edu.cn/TSCD/
http://cgga.org.cn:9091/circRNADisease/

http://gb.whu.edu.cn/CSCD

Function

Collects the circular RNA information of many species, such as human, mouse, C. elegans, etc.

Maps RBP- and miRNA-binding sites on human circRNAs; Designs primers and siRNA
sequence of circRNAS.

Integrates the following information: identification of new circRNAs; genome annotation of
circRNAs; the expression profile of circRNAs; the network of circRNA-miRNA -mRNA.

Integrates the published data to construct the interaction network of miRNA and circRNA, or
circRNA and RBP.

Summarizes circRNAs that encode proteins; contains 32,914 human circRNAs.
Collects circRNAs potentially associated with human diseases or traits.
Provides annotations on circRNAs and variable shear events of different cell lines/tissues

Emphasizes the interaction of ceRNA molecular network; integrates the information related to
circRNAs.

Provides information of tissue-specific circRNAs in main tissues of human and mouse.
Includes the data of the association between circRNAs and disease, the expression of
circRNAs in the patients, the detection methods of circRNA

Collects cancer-specific circRNAs; elaborates the interaction between miRNA and circRNA, or
circRNA and RBP; predicts variable splicing of related genes.

TSCD, tissue specific circRNA database; CSCD, cancer-specific circRNA database; RBR, RNA binding protein.
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