[image: image1]Non-coding RNA and its network in the pathogenesis of Myasthenia Gravis

		REVIEW
published: 10 September 2024
doi: 10.3389/fmolb.2024.1388476


[image: image2]
Non-coding RNA and its network in the pathogenesis of Myasthenia Gravis
Fuqiang Wang1,2†, Xiaoli Mei3†, Yunhao Yang2†, Hanlu Zhang1, Zhiyang Li1, Lei Zhu2*, Senyi Deng2* and Yun Wang1*
1Department of Thoracic Surgery, West China Hospital of Sichuan University, Chengdu, China
2Department of Thoracic Surgery, Institute of Thoracic Oncology, West China Hospital, Sichuan University, Chengdu, China
3Department of Thoracic Surgery, West China Hospital, West China School of Nursing, Sichuan University, Chengdu, China
Edited by:
Jiankang Zhou, Chengdu Medical College, China
Reviewed by:
Liping Ma, Chengdu Medical College, China
Ke Li, JinFeng Laboratory, China
Dan Sun, Chengdu University of Traditional Chinese Medicine, China
* Correspondence: Lei Zhu, lei_zhu@scu.edu.cn; Senyi Deng, senyi_deng@scu.edu.cn; Yun Wang, yunwwang@yeah.net
†These authors have contributed equally to this work
Received: 19 February 2024
Accepted: 21 August 2024
Published: 10 September 2024
Citation: Wang F, Mei X, Yang Y, Zhang H, Li Z, Zhu L, Deng S and Wang Y (2024) Non-coding RNA and its network in the pathogenesis of Myasthenia Gravis. Front. Mol. Biosci. 11:1388476. doi: 10.3389/fmolb.2024.1388476

Myasthenia Gravis (MG) is a chronic autoimmune disease that primarily affects the neuromuscular junction, leading to muscle weakness in patients with this condition. Previous studies have identified several dysfunctions in thymus and peripheral blood mononuclear cells (PBMCs), such as the formation of ectopic germinal centers in the thymus and an imbalance of peripheral T helper cells and regulatory T cells, that contribute to the initiation and development of MG. Recent evidences suggest that noncoding RNA, including miRNA, lncRNA and circRNA may play a significant role in MG progression. Additionally, the network between these noncoding RNAs, such as the competing endogenous RNA regulatory network, has been found to be involved in MG progression. In this review, we summarized the roles of miRNA, lncRNA, and circRNA, highlighted their potential application as biomarkers in diagnosing MG, and discussed their potential regulatory networks in the abnormal thymus and PBMCs during MG development.
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1 INTRODUCTION
Myasthenia Gravis (MG) is a chronic autoimmune disease that mainly affects the neuromuscular junction (NMJ), leading to weakness of patients’ muscles (Gilhus, 2016; El-Salem et al., 2014). MG can be classified into several subtypes according to the age of disease onset, types of autoantibodies and clinical manifestation (El-Salem et al., 2014). Based on the age of disease onset, the MG is classified into early onset MG (EOMG, ≦ 50-year-old) and late onset MG (LOMG, >50-year-old) (Szczudlik et al., 2014; Huang et al., 2023). The EOMG is more frequent in young women with thymic hyperplasia and LOMG usually occurs in middle-aged and elderly men with thymoma (Berrih-Aknin and Le Panse, 2014). Depending on the type of serum autoantibodies, MG can generally be classified into acetylcholine receptor antibody positive MG (AChR+ MG), muscle-specific tyrosine kinase antibody positive MG (MuSK+ MG), or lipoprotein receptor-related protein 4 antibody positive MG (LRP4+ MG) (Huang et al., 2023). Among them, AChR+ MG is the most frequent subgroup of MG. In some cases, other autoantibodies such as Titin antibody, or ryanodine receptor antibody (RyR-Ab) can also be detected in patients’ serum (Skeie et al., 2006). Based on the clinical manifestation of MG, in other words, depending on the type of muscle involved, MG can be classified into ocular MG (OMG) and generalized MG (GMG) (Monsul et al., 2004). The ocular muscle is typically the initial affected muscle, resulting in ptosis and diplopia, which are usually the first symptoms of MG. Gradually, as the muscles of the limbs and trunk are affected, patients demonstrate limb weakness and may also experience dysarthria and dysphagia (bulbar symptoms), as well as respiratory difficulties. This condition is known as generalized MG. Due to the different characteristic of MG subtypes, the mechanism behind the different types of MG is variable (El-Salem et al., 2014).
Although muscle is the primary target organ of MG, the effector organ is generally considered to be the thymus. Thymic lesions, including thymic hyperplasia and thymoma, play crucial roles in the pathological process of AChR+ MG (Cron et al., 2020). The thymus serves as the organ for T cell maturation. Physiologically, naive T cells can only survive and mature after positive and negative selection in cortical and medullary thymus, respectively (Sprent and Kishimoto, 2002; Ashby and Hogquist, 2024). Positive selection secures T cells with ability to bind MHC complexes and negative selection secures T cells without autoimmune potential (Ashby and Hogquist, 2024). However, for MG patients with thymoma, the negative selection of thymus is largely compromised (Berrih-Aknin and Le Panse, 2014). Tumor cells of thymoma, derived from the cortical thymic epithelial cells (cTECs), lack medullary thymic epithelial cells (mTECs). Moreover, the decreased expression of autoimmune regulator (AIRE) and forkhead box protein P3 (FOPX3), which play a crucial role in preventing autoimmune responses, can also be observed in thymoma (Berrih-Aknin and Le Panse, 2014). As a result, T cells with autoimmune potential may not be deleted effectively in the thymoma of MG patients due to the lack of negative selection. The pathologic mechanism of thymic hyperplasia is distinct from thymoma in MG. The ectopic germinal centers (GCs) formed by numerous B cells could secrete AChR antibodies (Berrih-Aknin and Le Panse, 2014). Moreover, the ectopic high endothelial venules (HEVs) and chemokines such as CXCL13 and CCL21 could recruit the pro-inflammatory cells in thymus, activate inflammation, and compromise the normal immune regulatory process (Berrih-Aknin and Le Panse, 2014).
Although the mechanisms underlying thymoma and hyperplastic thymus-induced MG differ, noncoding RNAs including micro RNA (miRNA), long noncoding RNA (lncRNA) and circular RNA (circRNA), play crucial roles in both processes (Cron et al., 2020). Generally, these noncoding RNAs cannot encode protein, but it can regulate the expression of mRNA through posttranscriptional modification (Cai et al., 2009). MiRNA is short (approximately 20–25 nucleotides) single-stranded noncoding RNA, lncRNA is noncoding RNAs longer than 200 nucleotides, and circRNA is circular non-coding RNA. As important part of epigenetics, increasing evidence shows that noncoding RNA is important in the pathological process of MG (Berrih-Aknin and Le Panse, 2014). Moreover, benefiting from the easy availability and circulating stability of ncRNA, researchers screen out several ncRNAs for diagnosing MG and predicting the effectiveness of treatment for MG (Punga and Punga, 2018; Yoganathan et al., 2022). Newly identified non-coding RNAs, such as rRNA-derived small RNAs and tRNA-derived small RNAs, have also been found to play regulatory roles in various diseases (Zhang et al., 2023; You et al., 2019). However, these non-coding RNAs have not been extensively studied in MG. In this paper, we reviewed the roles of miRNA, lncRNA, and circRNA and their networks that participating in the pathomechanism of MG and summarized the ncRNA which may act as potential biomarkers for MG.
2 THE ROLE OF MIRNA IN DIAGNOSING AND PATHOGENESIS OF MG
MiRNAs are short (approximately 20–25 nucleotides) single-stranded RNA molecules (Blow et al., 2006). Mature miRNAs can base pair with target mRNAs, post-transcriptionally inhibiting mRNA expression through the RNA-induced silencing complex (Gregory et al., 2005). These miRNAs play significant roles in both physiological and pathological processes within the human body, including immunity, inflammation, and oncogenesis (Singh et al., 2013; Zhang et al., 2007). Notably, miRNAs exhibit stable expression in peripheral blood, facilitated by vesicles and protein complexes (Kai et al., 2018; Cheng et al., 2014). Consequently, miRNAs hold promise as potential diagnostic biomarkers for assessing and predicting treatment responses in MG (Huang et al., 2023; Punga and Punga, 2018; Sabre et al., 2020). In this review, we summarize existing research on miRNA profiles and their diagnostic potential in MG.
2.1 miRNA as a potential biomarker of MG
The MG related autoantibody is currently the specific tool for diagnosing MG. However, the titer of autoantibody cannot be used to predict therapy response of MG. In recent years, due to their ease of detection and stability in serum, miRNAs have increasingly been recognized as novel biomarkers of diseases diagnosis (Kai et al., 2018). In MG patients, dysregulated miRNAs can be released into peripheral blood from thymic tissue or peripheral blood mononuclear cells (PBMCs) (Cron et al., 2019; Witwer, 2015). Several studies have analyzed the miRNA profiles of different types of MG and found some miRNA could be potentially used for diagnosing MG, predicting the therapeutic response and even distinguishing the various MG subtypes (Punga and Punga, 2018; Sabre et al., 2020). In this section, we comprehensively review the miRNA profiles specific to different MG subtypes (Table 1).
TABLE 1 | Differentially Expressed miRNA.
[image: Table 1]2.1.1 General miRNA profile in MG
Several miRNAs are dysregulated in MG patients (Huang et al., 2023; Wang and Zhang, 2020). In this section, we primarily review miRNA dysregulated generally in MG. The aberrant miRNAs in each MG subtype will be discussed later.
Among these miRNA, miR-150 and miR-21 are most researched in MG. Compared with both healthy individuals and patients with other autoimmune diseases such as Addison’s disease and Crohn’s disease, these two miRNAs are significantly upregulated in serum of MG patients (Punga et al., 2015). In addition, miR-21 is much higher in serum of females. This may, to some extent, explain why MG is more prevalent in women (Fiorillo et al., 2020). Besides that, miR-30e is also found to be unregulated in serum of MG patients, and high level of miR-30e may indicate the progression of MG (Sabre et al., 2019). Meanwhile, another study also showed that MG patient with elevated miR-30e-5p exhibited a higher rate of MG progression (Beretta et al., 2022).
Furthermore, miRNA can also be affected under the influence of treatment and some miRNAs can even predict the treatment response in MG patients. Serum miR-150 and miR-21 decreases after immunosuppressive treatment (Sabre et al., 2018). Low dose rituximab can also decrease serum miR-150-5p, along with improved symptoms and reduced CD19+ and CD27+ B cells (Zhong et al., 2020). Moreover, international research conducted in Italy and Israel indicated that miR-323b-3p and miR-485-3p in whole blood could predict the response to immunosuppressive agents in MG (Cavalcante et al., 2019). The miR-323b-3p and miR-485-3p decreased in MG patients with poor responses to immunosuppressive treatment. Recently, a researcher explored the dysregulated small extracellular vesicle microRNAs in the plasma of pediatric MG patients. Through RNA sequencing technology, researches identified 24 dysregulated small extracellular vesicle microRNAs (16 downregulated and 9 upregulated). Subsequent validation revealed that plasma miR-143-3p is downregulated in seronegative pediatric MG and can be used for diagnosing pediatric MG (Zhu et al., 2024).
2.1.2 miRNA profile in EOMG
EOMG is one of the most common types of MG. EMOG frequently occurs in younger females and is more likely to accompany thymic hyperplasia (Cron et al., 2018; Fang et al., 2015). It has been indicated that ectopic GC formed in hyperplastic thymus plays crucial role in EOMG (Cron et al., 2018).
Many studies identified several dysregulated miRNAs in EOMG patient, including the upregulation of miR-612, miR-3654, pre-miR-3651, and miR-3651 in PBMCs, miR-150 and miR-21 in serum, and the downregulation of miR-122, miR-140-3p, miR-185, miR-192, miR-20, miR-15b and miR-27a in serum (Nogales-Gadea et al., 2014; Barzago et al., 2016; Punga et al., 2014). Some of these dysregulated miRNAs could be affected by the treatment of MG. In peripheral blood, the abnormally upregulated serum miR-150 could dropped quickly after thymectomy and the abnormally decreased serum miR-20 increased after administration of immunosuppressive agents (Punga et al., 2015). Notably, the level of serum miR-20 negatively correlates with the severity of MG (Chunjie et al., 2015). However, despite the upregulation of thymic miR-150 in MG patients, there is no decline in thymic miR-150 after immunosuppressive therapy (Cron et al., 2019).
It should be noted that the changes of dysregulated miRNA could differ considerably in peripheral blood and thymus. Research explored the role of miR-146a in peripheral blood and hyperplastic thymus in MG patients (Bortone et al., 2020). The results indicated that thymic miR-146a decreased in MG patients without receiving corticosteroids and its level increased to normal levels after treated with corticosteroids. Because corticosteroids have been shown to reduce the number and size of ectopic GC in the hyperplastic thymus of MG patients (Berrih-Aknin, 2016), researchers further explored the relationship between miR-146a and GC in thymus. They found that miR-146a in GC-surrounding tissue rather than in GC was remarkably downregulated in MG patients without receiving corticosteroids. However, the miR-146a in both GC and GC-surrounding tissue is upregulated after treated with corticosteroids. These findings may indicate that corticosteroids could induce the upregulation of miR-146a in MG patients. However, in peripheral blood of corticosteroids-naïve patients, miR-146a was downregulated in serum but upregulated in PBMC. The miR-146a in PBMC then decreased to normal after the administration of corticosteroids. These findings indicated that, in peripheral blood, decreased serum miR-146a might be due to a defect in PBMC secretion of miR-146a and corticosteroids could improve this secretion defect.
2.1.3 miRNA profile in LOMG
LOMG is more commonly seen in elderly patients and more likely to accompany thymoma (Fan et al., 2019). Due to its lower incidence compared with EOMG, there is less research focusing on LOMG.
It has been shown that several miRNAs are dysregulated in the serum of LOMG patients, including the upregulation of miR-106, miR-30e, miR-223, miR-140, and miR-19b and downregulation of miR-122, miR-140, miR-185, miR-192, miR-20b, and miR-15b (Sabre et al., 2018; Nogales-Gadea et al., 2014). Some of these could be affected by immunosuppressive therapy and correlate with the severity of MG. In a study comparing the changes in miRNA over 2 years in LOMG patients, the level of serum miR-150, miR-21 and miR-30e decreased along with an improvement in muscle strength after 1 year follow-up (Sabre et al., 2018). Among a subgroup of LOMG patients, serum miR-150 and miR-21 were found to be lower in the ocular group than in the generalized group. In the generalized group, serum miR-30e, miR-21 and miR-19b was decreased after immunosuppressive therapy. In ocular LOMG, only serum miR-140 was decreased after 1 year follow-up. Moreover, serum miR-150, miR-21, and miR-30e were positively correlated with the Myasthenia Gravis Composite (MGC) score in the subgroup of generalized MG. However, these three miRNAs might not have a potential as biomarkers indicating the severity of LOMG, as all the correlation coefficients are less than 0.3.
2.1.4 miRNA profile in MuSK+MG
Despite being a major subtype of MG, MuSK+ MG only occurs in <5% of MG patients (Gilhus and Verschuuren, 2015). It is generally assumed that pathogenesis of MuSK+ MG is largely unrelated to the thymus. Therefore, clinical guideline recommends using immunosuppressants and rituximab, rather than thymectomy, for treating MuSK+ MG without thymic tumors (El-Salem et al., 2014). Consequently, investigators are more interested in the changes of circulating miRNAs in peripheral blood of MuSK+ MG patients.
It has been shown that serum miR-151a, let-7a, let-7f, and miR-423, plasma miR-210 and miR-324, as well as PBMC miR-340, miR-106b, and miR-27a are upregulated in MuSK+ MG patients (Punga et al., 2016; Tan et al., 2021). Among these, exosomal miR-151a in peripheral blood levels reduced quickly after being treated with immunosuppressants (Zhou et al., 2021). However, due to the limited studies on MuSK+ MG, no miRNAs have been found to be associated with the severity of MuSK+ MG currently. Therefore, identifying miRNAs that can predict the therapeutic response of MuSK+ MG still requires more extensive and in-depth research in the future.
2.1.5 miRNA profile in OMG and GMG
MG can be classified based on the extent of involved muscle, including OMG, in which symptoms are limited to the eye muscles, and GMG, which involves muscles throughout the body, including the limbs and trunk. In the progression of OMG, about 80% of patients with OMG progress to secondary GMG (sGMG) (Wong et al., 2014). During this process, the miRNA profile also changes.
It has been revealed that exosomal miR-106a, miR-4712, miR-320d, and miR-3614-3p is decreased in OMG in contrast to healthy controls (Mu et al., 2024). These four miRNAs are further reduced in GMG compared with the OMG and shows promise as a potential biomarker for diagnosing OMG and GMG (AUC > 0.75), despite limited sample size. Another study with a larger sample size demonstrated the serum miR-30e is higher in sGMG compared with OMG, showing promising potential for distinguishing between OMG and sGMG (AUC > 0.9) (Sabre et al., 2019). While researches on OMG and GMG remains limited, these studies have already identified several miRNAs that can be used for diagnosing OMG, as well as for distinguishing between GMG and OMG. The diagnostic efficacy of these miRNAs still requires validation through prospective studies.
2.2 The impact of aberrant miRNA expression on immune cells
Dysregulated miRNAs play an important role in the pathogenesis of MG, influencing various pathological processes (Berrih-Aknin and Le Panse, 2014). These miRNAs impact immune cell development within the thymus and PBMCs. Additionally, they modulate cytokines and transcription factors, potentially contributing to the thymic alterations observed in MG. These alterations encompass impaired negative selection, ectopic GCs, and angiogenesis (Berrih-Aknin and Le Panse, 2014). In this section, we delve into the specific effects of miRNAs on both the thymus and PBMCs (Figure 1A, by Figdraw).
[image: Figure 1]FIGURE 1 | The Impact of Dysregulated miRNAs on Immune Cells and Cytokines in MG. (A) The effects of dysregulated miRNA on immune cells; (B) Dysregulated cytokines induced by miRNA. The red boxes indicate the processes that promote the progression of MG, while green boxes indicate processes that inhibit the progression of MG. A red upward arrow indicates that this process is enhanced, while a green downward arrow indicates that this process is diminished.
2.2.1 The effects of miR-150 on immune cells
miR-150 is the most studied miRNA associated with MG. Normally, miRNA could regulate the expression of multiple transcript factors, such as Batch2 and EGR2, thereby participating in the differentiation of immune cells (Huang et al., 2023; Cron et al., 2020; Cron et al., 2019). It has been found that miR-150 is involved in the differentiation and maturation of T cells, B cells and NK cells (Huang et al., 2015). Due to its significant role in the immune system, the dysregulated regulation of miR-150 is implicated in the development of autoimmune disorders such as MG and multiple sclerosis.
In hyperplastic thymus of MG patients, miR-150 is significantly upregulated and primarily located in the mantle zone of ectopic germinal centers (Cron et al., 2019). In addition, the level of miR-150 was positively correlated with CD19, which is a marker of B cells. In peripheral blood, the level of miR-150 in the PBMCs of MG patients was lower than in healthy controls, while serum miR-150 level was significantly higher than in healthy individual. This is thought to occur due to the release of miR-150 from PBMC into serum under abnormal pathological conditions in peripheral blood of MG patients. Further studies found the inhibition of miR-150 could upregulate the expression of p53 and AIFM2, and thus induce the apoptosis of lymphocytes, CD4+ and CD8+ T cells, which complies with the previously mentioned function of miR-150 in inducing immune cell maturation. Another study found the level of exosomal miR-150 is positively correlated with the level of CD19+B and CD27+B cells (Zhong et al., 2020). This may be attributed to the ability of miR-150 to regulate its target gene c-Myb, thereby influencing the differentiation of B cells into CD19 and CD27 B cells (Xiao et al., 2016).
2.2.2 The effects of miR-146 on immune cells
miR-146 has been identified as a negative regulator of the NF-κB signaling pathway in human immunity (Liu et al., 2015). The activation of miR-146a reduces pro-inflammatory cytokines by inhibiting IRAK1 and TRAF6. In miR-146a deficient mice, NF-κB mediated transcription is abnormally activated (Zhao et al., 2011).
In MG, miR-146a levels are significantly upregulated in PBMC, but downregulated in the hyperplastic thymus (Bortone et al., 2020). This different changing pattern of miR-146a in peripheral and central collectively promotes the progression of MG through different mechanisms. In the mice mode of experimental autoimmune myasthenia gravis (EAMG), inhibition of miR-146 remarkably reduces the expression of TLR4 and NF-κB on AchR specific B cells (Lu et al., 2013). This finding contrasts with previous studies showing the inhibitory effect of miR-146 on the NF-κB signaling pathway, and is assumed to result from a functional deficiency of miR-146a in AchR-specific B cells in MG (Zhao et al., 2011). Another study showed that the inhibition of miR-146 could relieve the myasthenic symptoms of EAMG mice, reduce the production of AChR-Ab, and suppress the proliferation and activation of B cells (Zhang et al., 2015). These two studies demonstrate that, in peripheral blood, miR-146 promotes MG by inducing activation and proliferation of B cell. However, in hyperplastic thymus, downregulated miR-146 may promote the formation of ectopic GC by inducing the expression of IRAK1, c-REL, and ICOS, thereby contributing to the development of MG (Bortone et al., 2020).
2.2.3 The effects of other miRNAs on immune cells
As mentioned earlier, dysfunction of immune cells in both thymus and peripheral blood is a characteristic of MG. Apart from miR-150 and miR-146, other miRNAs are also involved in these complicated processes. In TAMG, the abnormally increased miR-125a could inhibit the expression of Foxp3, and thus reduce the Treg cell in thymoma (Li et al., 2016). The defective Treg results in the inability to suppress excessive inflammation in MG, therefore promoting progression of the disease. Similarly, in the hyperplastic thymus of MG patients, the aberrant downregulation of miR-139-5p and miR-452-5p can increase the expression of RGS13, thereby promoting B cell differentiation and increasing the size of ectopic GC (Sengupta et al., 2018).
2.3 Dysregulated cytokine induced by miRNAs
The abnormally activated inflammatory responses in autoimmune reactions is a crucial pathological process of MG (Huda, 2023). During this process, several miRNAs lead to the aberrant secretion and dysfunction of various cytokines, thus resulting in a hyperactive and inflammatory environment (Berrih-Aknin and Le Panse, 2014). In this section, we will summarize the abnormal cytokines in this process, as well as the miRNAs regulating these cytokines (Figure 1B, by Figdraw).
2.3.1 IL-2 in MG
As IL-2 plays an important role in negative selection in the thymus during T cell maturation and maintaining the proper function of Treg in peripheral, dysregulation of IL-2 can be found in several autoimmune diseases such as SLE, RA, and of course, MG (Li et al., 2022; Kolios et al., 2021). IL-2 plays a complex and diverse regulatory role in MG. It has been found that the serum IL-2 level is significantly upregulated in MG patients, but this increase is not positively correlated with the severity of the disease (Huan et al., 2022). In an EAMG mice model, IL-2 secreted by NKT could expand the Treg cells, and thus relieve the myasthenia symptom of mice (Liu et al., 2005). Furthermore, IL-2/IL-2 mAb complex is found to expand the Treg cells in EAMG mice, and therefore suppress the autoreactive T and B cells, thereby relieving the myasthenia symptom of EAMG mice (Liu et al., 2010). However, another study also found that MG patients whose PBMC have strong capacity to secrete more IL-2 after stimulating, often exhibit more severe generalized myasthenia symptoms (Utsugisawa et al., 2003). This result indicates that IL-2 might promote the development of MG. Previous study showed miR-181c could repress the expression of IL-2 by targeting its 3′UTR. Thus, the downregulation of miR-181c in PBMC of MG patients could induce the expression of IL-2 (Utsugisawa et al., 2003; Zhang et al., 2016).
2.3.2 IL-10 in MG
IL-10 plays a complicated role in progression of MG. Early studies found that serum IL-10 levels are elevated in MG patients, and IL-10 knockout mice have a lower incidence of MG when inducing EAMG models (Poussin et al., 2000; Uzawa et al., 2014). Therefore, IL-10 is thought to promote MG. However, in recent years, studies have found that IL-10 may suppress the development of MG. B cell-derived IL-10 is significantly downregulated in MG patients (Yilmaz et al., 2015). A previous study shows that IL-10-competent B cells increase the proportion of immunoregulatory Treg and Breg cells, reduce the levels of proinflammatory cytokines and AChR-Ab, and therefore alleviate the myasthenic symptom of EAMG mice (Sheng et al., 2015). Furthermore, IL-10-treated DC could reduce the AChR-specific T cell proliferation, level of pro-inflammatory cytokines, and affinity of AChR-Ab (Duan et al., 2004). IL-10 can be regulated by let-7c. The let-7c could bind the 3′UTR of IL-10 and inhibit the expression of IL-10 (Jiang et al., 2012). In MG patients, the let-7c is significantly downregulated, which may contribute to the upregulation of serum IL-10 in MG (Jiang et al., 2012).
2.3.3 IL-17 in MG
IL-17 is thought to be a proinflammatory cytokines. A previous study found that serum IL-17 is unregulated in both AChR+ and MuSK+ MG (Roche et al., 2011; Li et al., 2020). Normally, Treg cells could suppress abnormally overactivated inflammation. However, in the thymus of MG patients, the IL-17 gene family is found to be upregulated, indicating that Treg cells are functionally deficient in MG (Gradolatto et al., 2014; Gradolatto et al., 2012; Villegas et al., 2018). Moreover, it is more difficult to induce EAMG in IL-17 knockout mice compared with wild-type mice (Schaffert et al., 2015). Even in EAMG mode, IL-17 knockout mice exhibit lower levels of myasthenia symptoms and AChR-Ab. The germinal center area in the spleen of IL-17 knockout mice is also smaller (Schaffert et al., 2015; Aguilo-Seara et al., 2017). The aforementioned studies all demonstrate that IL-17 plays a promotive role in the progression of MG. Previous studies have found that miR-15a, miR-320a, and miR-181c are negatively correlated with IL-17 (Zhang et al., 2016; Liu et al., 2016; Cheng et al., 2013). Among these miRNAs, miR-181c could inhibit the expression of IL-17 by targeting its 3′UTR (Zhang et al., 2016). This may indicate that the decrease of miR-181c contributes to the increase in IL-17 to a certain extent in MG patients.
Despite the promotive role that IL-17 plays in MG, it is reported that inhibition of IL-17 by monoclonal antibody could induce MuSK+ MG (Papi et al., 2023). This finding suggests that the role of IL-17 in MG may be complex, and thus the use of IL-17 monoclonal antibodies for MG therapy warrants careful investigation.
2.3.4 Other chemokines in MG
The complex pathogenesis of MG is also accompanied by abnormalities in various cytokines, including TNF-α, IL-15, and IL-23. As one of the most well-known pro-inflammatory cytokines, TNF-α is found to be upregulated in both thymus and serum of MG patients (Berrih-Aknin and Le Panse, 2014). Previous studies have indicated that miR-146a may be involved in regulating TNF-α (Nahid et al., 2009). TNF-α is significantly upregulated in miR-146a knockout mice, whereas the mimic of miR-146a was found to inhibit the expression of TNF-α (Yan et al., 2021).
IL-15 is another proinflammatory cytokine that is involved in the regulation of multiple immune cells including enhancing the cytotoxic function of CD8+ T cells, inducing B cell proliferation and immunoglobulin secretion, promoting dendritic cell maturation, and reducing the population of M2 macrophages (Zhang et al., 2021). In MG patients, the serum IL-15 level is significantly upregulated and might correlate with the severity of MG (Li et al., 2019). MiR-15b could inhibit the expression of IL-15 by targeting its 3′UTR (Shi et al., 2015). Thus, the reduction of miR-15b could promote the level of IL-15 in MG.
The pro-inflammatory effect of IL-23 is largely associated with IL-17. In MG, the abnormal thymic epithelial cells (TECs) could secrete IL-23, leading to the activation of Th17 cells and subsequently promoting the release of another pro-inflammatory cytokine IL-17 (Villegas et al., 2019). Though this IL23/Th17 axis, the ectopic GCs can be maintained and lead to persistent inflammatory activation in MG (Villegas et al., 2019). Based on the promotive role that IL-23 plays in MG progression, researchers found that blocking IL-23 can alleviate myasthenia symptoms effectively in EAMG mice (Villegas et al., 2023).
Moreover, miRNA is also involved in the metabolism of drug for MG treatment. CYP3A5 encodes a member of the cytochrome P450 superfamily, playing a crucial role in the metabolism of tacrolimus. A study showed that miR-500a could directly inhibit the expression of CYP3A5, and further experiments demonstrated that this miRNA has the potential to maintain the contraction of tacrolimus in vitro (Meng et al., 2020).
3 THE ROLE OF LNCRNA AND CIRCRNA IN THE DIAGNOSING AND PATHOGENESIS OF MG
LncRNAs are non-coding RNAs that are more than 200 nucleotides long. circRNAs are circular non-coding RNAs formed by back-splicing of coding and non-coding transcripts (Mattick et al., 2023). Although there is less research on lncRNA and circRNA compared with miRNA in MG, they still play roles in the pathological processes of MG. By high-throughput sequencing, multiple studies have found that lncRNA and circRNA from different samples may play various roles in MG patients. In PBMC, the differentially expressed lncRNAs (DElncRNA) are mainly related to phosphoric ester hydrolase activity and phosphatase activity (Ke et al., 2022). In myotubes treated with AChR-Ab, the DElncRNA is mainly enriched in cellular homeostasis (Hong et al., 2020). In thymoma of TAMG patients, the DElncRNAs were mainly enriched in herpes simplex virus 1 infection, transcription coregulator activity and actin binding (Zhuang et al., 2021). Among these dysregulating lncRNAs and circRNAs, some of them such as IFNG-AS1 in PBMC and circRNA5333-4 in whole blood, are correlated with the severity and AChR-Ab (Lv et al., 2021; Luo et al., 2017).
Within MG pathogenesis, lncRNAs have been found to be primarily involved in the dysregulation of immune cells and the abnormal secretion of cytokines. lncRNA XLOC_003810 is highly expressed in the thymus of MG patients. The upregulated XLOC_003810 can increase the proportion of CD4+T cells, and elevate the levels of pro-inflammatory cytokines, including IFN-γ, TNF-α and IL-1β (Hu et al., 2020). Moreover, XLOC_003810 was also found to disrupt the Treg/Th17 balance by reducing Treg cells and increasing Th17 cells (Niu et al., 2020). Through the aforementioned mechanisms, XLOC_003810 may contribute to abnormal immune activation in MG. Meanwhile, lncRNA GAS5 could upregulate the IL-10 in GMG patients and suppress the Th17 differentiation by targeting miR-23a. Consequently, the abnormal reduced GAS5 in MG promotes the Th17 differentiation, thereby advancing the progression of MG (Peng and Huang, 2022; Xu and Ouyang, 2022). In addition, lncRNA IFNG-AS1 is downregulated in PBMC of MG and IFNG-AS1 level is negatively correlated with MG severity. Further study has found the IFNG-AS1 could regulate the Treg/Th17 balance by increasing the Treg and decreasing the Th17. Furthermore, IFNG-AS1 can upregulate the expression of CD40L and IFN in CD4+ T cells and activate CD4+ T cells in an HLA-DOB- and HLA-DRB1-dependent manner (Luo et al., 2017). The roles of dysregulated lncRNAs in MG are summarized in Figure 2A (by Figdraw) and Table 2.
[image: Figure 2]FIGURE 2 | The Impact of Dysregulated lncRNA and validated ceRNA network on Immune Cells and Cytokines in MG. (A) The role of dysregulated lncRNAs and circRNAs in pathogenesis of MG; (B) The validated ceRNA network in pathogenesis of MG. The red boxes indicate the processes that promote the progression of MG, while the blue boxes indicate that these processes play complex roles in the pathogenesis of MG and cannot be simply categorized as promoting or inhibiting MG. A red upward arrow indicates that this process is enhanced, while a green downward arrow indicates that this process is diminished.
TABLE 2 | Dysregulated lncRNA in MG.
[image: Table 2]4 NON-CODING RNA NETWORKS INVOLVED IN THE MG PROGRESSION
By competitively binding to miRNAs, lncRNAs and circRNAs can positively regulate mRNA expression through the competing endogenous RNA (ceRNA) network (Thomson and Dinger, 2016). The ceRNA hypothesis has been shown to be involved in many physiological and pathological processes, such as immune response, inflammation response, tumor development and, of course, MG (Zhang et al., 2020; Wang et al., 2020). Moreover, researchers also introduced several networks such as TF-lncRNA-target gene network and the lncRNA-SNP-mRNA-pathway in MG (Lu et al., 2021; Wang et al., 2021). We would then review the research, focusing on the noncoding RNA-based network to help fully understand the pathological process of MG.
4.1 ceRNA networks in MG
In autoimmune diseases, dysregulated long non-coding RNAs regulate mRNA expression through ceRNA mechanisms, thereby contributing to the progression of autoimmune diseases such as rheumatoid arthritis (RA), dermatomyositis, and systemic lupus erythematosus (SLE) (Wang et al., 2019; Huang et al., 2022; Li et al., 2017). ceRNA networks can be predicted through bioinformatics methods and validated through further experiments (Wang et al., 2020; Wang et al., 2022). In studies involving ceRNA in MG, we found that validation studies mainly focus on the dysregulated ceRNA axis in peripheral tissue of MG patients. In contrast, bioinformatics-predicted ceRNA networks also highlight potential dysregulated ceRNA networks in the thymus and those involving methylated genes.
4.1.1 Validation studies of ceRNA in MG
It has been found the muscle stem cells (as known as satellite cells, SC) proliferated actively in MG patient (Attia et al., 2017). As a marker for SCs, Pax7 expression in MG patients is regulated by ceRNA networks. Researchers have found that the upregulated circ-FBL in MG patients can increase Pax7 levels by competitively binding to miR-133 (Lai et al., 2021). Moreover, other studies have found that several lncRNAs could promote the proliferation of T cells through ceRNA network. LINC00680 is highly expressed in the PBMCs of MG patients, and this lncRNA can upregulate MAPK1 levels by targeting miR-320a (Liu et al., 2022). Similarly, HCG18, which is upregulated in MG patients, can increase CD28 expression by targeting miR-145, and OIP5-AS1 can enhance IL-7 expression by targeting miR-181c. Besides, upregulated SNHG16 promote the expression of IL-10 by sponging let-7c (Wang et al., 2020; Wang et al., 2022; Li et al., 2021). Through these mechanisms, all these four lncRNAs could promote T cell proliferation and contribute to the progression of MG. These processes are summarized in Figure 2B (by Figdraw) and Table 3.
TABLE 3 | Validated ceRNA Network in MG.
[image: Table 3]4.1.2 Predictive studies of ceRNA in MG based on bioinformatics analysis
We have previously predicted a ceRNA in thymoma of TAMG by using the RNA-seq data from the TCGA-THYM project (Wang et al., 2022). In the predicted ceRNA network, we further demonstrated that the changes of each component in the LINC00452/miR-204/CHST4 axis comply with the principles of the ceRNA mechanism, and speculate that Treg cells may be regulated by this axis. Another study established two different ceRNA networks based on the methylation level of mRNA and suggested that LINC00173 plays a significant role in the ceRNA network composed of hypomethylated genes (Xu et al., 2021). Additionally, a study predicted a ceRNA network based on dysregulated exosomal lncRNAs (Lu et al., 2021). Researchers found that molecules previously considered to play important roles in MG, such as miR-181c, miR-125, CD28, and CD40, were also arrested in this predicted ceRNA network. This finding provides further evidence that these molecules may be key players in the development of MG.
4.2 Other networks in MG
ceRNA is the most studied and recognized noncoding RNA regulatory mechanism, but some researchers have also explored other modes of networks involving noncoding RNAs in MG. Luo and colleagues constructed the transcription factor-lncRNA-target gene networks in TAMG (Luo et al., 2015). In this network, the transcription factor was thought to regulate gene expression by regulating the lncRNA. This three-element network has mechanisms that are somewhat similar to the ceRNA network. Other research constructed a miRNA-regulated drug-pathway network to predict how the new drug can be for to MG treatment (Cao et al., 2017). Researchers find the alemtuzumab, bevacizumab and efalizumab might have potential to treat MG. However, further validation studies are lacking to support the researchers’ hypotheses.
5 CONCLUSION AND PROSPECTS
Currently, detecting noncoding RNA is still not a routine test for MG diagnosing or for treatment response predicting. Although some miRNA showed encouraging potential as a biomarker, the noncoding RNA, especially miRNA, varies from different MG subtypes and different samples (Huang et al., 2023; Sabre et al., 2020). Some miRNA such as miR-146a, showed completely different variation in serum and PBMC before and after treatment (Bortone et al., 2020). Therefore, the specific characteristics of MG such as thymus lesion, autoantibody type and treatment should be carefully concerned when choosing the miRNA as a biomarker in future prospective studies and MG diagnosing.
In addition, although numerous studies have explored the impact of non-coding RNAs and their regulatory networks on the development and progression of MG, RNA processes such as RNA editing and RNA methylation—known to play significant roles in other autoimmune diseases like RA and SLE—are scarcely studied in MG. Previous research has found that adenosine-to-inosine (A-to-I) editing levels are significantly elevated in patients with RA, SLE, and Sjögren’s syndrome (Vlachogiannis et al., 2020; Roth et al., 2018; Wang et al., 2023). Moreover, A-to-I levels significantly decreased in responding RA patients after treatment, indicating that A-to-I editing may play an important role in these autoimmune diseases (Vlachogiannis et al., 2020). However, research on the role of A-to-I editing in MG is currently lacking. In the field of RNA methylation, researchers have found that the levels of m6A RNA methylation in PBMCs and m5C RNA methylation in CD4+ T cells are significantly reduced in SLE patients (Guo et al., 2020; Wu et al., 2022). In MG, researchers have found that patients with different m6A RNA methylation patterns might be associated with varying immune cell infiltration characteristics (Li et al., 2023). But it is regrettable that this study did not measure the m6A RNA methylation levels in MG patients. Therefore, the role of RNA processes in the progression of MG remains to be further explored.
The disturbance of immune homeostasis and abnormally activated inflammation are very important pathological processes in MG (Gilhus, 2016; Berrih-Aknin and Le Panse, 2014; El-Salem et al., 2014). The evidence reviewed above, showing that noncoding RNA can widely influence the both processes by regulating the activation of immune cell, impairing the immunoregulatory functions of Treg and inducing the release of proinflammatory factors (Lu et al., 2013; Li et al., 2016; Zhang et al., 2016). However, the role of noncoding RNA in mechanism behind the TAMG as well as MuSK+ MG is less explored. Further studies are expected to uncover such mechanism for fully understanding the pathologic process of MG.
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