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Abstract

:

Neuromuscular diseases (NMDs) are characterized by progressive loss of muscle mass and strength that leads to impaired body movement. It not only severely diminishes the quality of life of the patients, but also subjects them to increased risk of secondary medical conditions such as fall-induced injuries and various chronic diseases. However, no effective treatment is currently available to prevent or reverse the disease progression. Protein arginine methyltransferases (PRMTs) are emerging as a potential therapeutic target for diverse diseases, such as cancer and cardiovascular diseases. Their expression levels are altered in the patients and molecular mechanisms underlying the association between PRMTs and the diseases are being investigated. PRMTs have been shown to regulate development, homeostasis, and regeneration of both muscle and neurons, and their association to NMDs are emerging as well. Through inhibition of PRMT activities, a few studies have reported suppression of cytotoxic phenotypes observed in NMDs. Here, we review our current understanding of PRMTs’ involvement in the pathophysiology of NMDs and potential therapeutic strategies targeting PRMTs to address the unmet medical need.
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1. Introduction


Loss of muscle mass and strength leads to declined functional capacity and greater risk of developing chronic diseases that include neuromuscular diseases, cancer, inflammatory diseases, and diabetes [1,2,3,4]. In turn, many chronic diseases often result in muscle weakness and atrophy [4]. Accumulating evidence suggests that the maintenance of muscle health is critical to reduce the prevalence of chronic diseases, thereby increasing healthy life span [4]. Thus, many efforts have been made to understand the underlying molecular mechanisms of muscle metabolism and function to develop strategies to enhance muscle health [5]. Perturbations in muscle regenerative capacity, muscle mitochondrial function, balance in the protein synthesis/degradation pathway and neuromuscular activity have been associated with muscle atrophy and weakness [6]. In this review, we will focus on the recent advances in understanding the functional significance of protein arginine methyltransferases (PRMTs) in muscle atrophy and neuromuscular function with a specific emphasis on the potential role of arginine methylation in neuromuscular diseases (NMDs).




2. Protein Arginine Methyltransferases (PRMTs)


Post-translational modifications such as phosphorylation, ubiquitination, and methylation have been shown to play a critical role in diverse biological processes such as gene transcription, mRNA splicing, DNA repair, signaling transduction, protein subcellular localization, and cell cycle progression. PRMTs are a family of enzymes that catalyze the transfer of a methyl group from S-adenosyl-L-methionine (AdoMet) to L-arginine on target proteins, thereby altering the stability, localization, and/or activity of the marked molecules [7]. PRMTs consist of nine members and are classified into three categories according to their catalytic activities: type I (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6, and PRMT8), type II (PRMT5 and PRMT9), and type III (PRMT7). Type I and Type II PRMTs perform the formation of mono-methylarginine (MMA) as an intermediate step before the establishment of asymmetric dimethylarginine (ADMA) or symmetric dimethylarginine (SDMA), respectively [8,9,10]. Type III PRMT only carries out the formation of MMA [11]. PRMT1 is the predominant PRMT in mammalian cells and performs at least 85% of all arginine methylation activity in human cells [12]. The most common sites that are targeted by PRMTs are arginine and the glycine-rich motif termed the RGG/RG motif [13]. While the presence of glycine next to arginine facilitates the activity of PRMTs, it is not a requirement, as there are many exceptions. The existence of enzymes capable of demethylating methylarginines is central to the concept that arginine methylation is a dynamic modification [14]. Two types of enzymes, peptidylarginine deiminase type IV (PAD4) and Jumonji domain-containing (JMJDs), have been reported to remove methyl groups from arginine residues in proteins [15,16]. However, the biological significance of both enzymes in regulating protein arginine methylation in vivo is yet to be confirmed.



PRMTs are generally ubiquitously expressed and dysregulated expression or activity has been implicated in the progression of several prevalent health conditions, such as cancer and cardiovascular disease [17]. The association between PRMTs and NMDs is also emerging (Figure 1 and Figure 2). In mice, knockout (KO) of PRMT1 or PRMT5 has shown to be embryonic lethal [18,19], while KO of other PRMT isoforms has shown varying phenotypes from neonatal death to a developmental delay without further abnormalities [20,21,22]. The severe phenotype following whole body KO of PRMTs led to studies utilizing tissue-specific PRMT null animals to investigate the role of each PRMT isoform. Due to there being more than thousands of substrates with both functional redundancy and substrate specificity, the delineation of a physiological role of each PRMT isoform has been quite a challenge [23]. Regardless, the in vivo studies continue to support the clinical relevance of PRMTs [14,24,25]. A more detailed description of PRMTs’ structure and function can be found in the following reviews [8,14,24,26,27].




3. PRMTs in Muscle Homeostasis and Remodeling


PRMTs are expressed in both skeletal muscle and muscle satellite cells (MSCs) [28,29], and they have been shown to regulate skeletal muscle plasticity, specifically myogenesis. MSC-specific PRMT1 deficient mice show compromised muscle repair following cardiotoxin (CTX)-induced injury [30]. The authors further identified Eya1 and Six1, which are coactivators of MyoD, as the PRMT1 substrates, suggesting that PRMT1 regulate muscle stem cell fate via Eya1/Six1/MyoD axis [30]. Arginine methylation of Pax7 by PRMT4 functions as a molecular switch controlling the induction of Myf5 during satellite cell asymmetric division and entry into the myogenic program [31,32]. Work investigating the role of PRMT5 in MSCs found that PRMT5 generates a ready state that keeps MSCs in standby, allowing rapid amplification when needed [33,34]. PRMT7 has been shown to be a regulator of the DNMT3b/p21 axis, which is required to maintain MSC regenerative capacity [35]. Also, PRMT7 promotes MyoD-mediated myogenic differentiation through methylation of arginine residue 70 of p38MAPK [36]. As a result, conditional KO of PRMT4, PRMT5, or PRMT7 in MSCs all led to compromised muscle regeneration following CTX-induced injury [31,33,35].



In skeletal muscle cells, PRMTs are implicated in muscle remodeling by controlling autophagy and muscle metabolism. Muscle-specific KO of PRMT1 causes muscle atrophy through upregulation of the PRMT6/FOXO3 axis that enhances autophagy [37]. PRMT4 is upregulated following nutrient starvation and promotes autophagy by methylating FOXO3 and acting as a co-activator of transcription factor EB to enrich autophagy-related and lysosomal genes [38,39]. Several in vitro studies on skeletal muscle cells have proposed a potential role of PRMT1 and PRMT4 in muscle metabolism as well. PRMT1 regulates the insulin receptor/insulin receptor substrate-1/phosphatidylinositol 3-kinase pathway, which is involved in glucose transport [28]. PRMT4 is necessary for the expression of genes involved in glycogen metabolism in skeletal muscle cells [28,40]. PRMT7 is a key regulator of slow, oxidative myogenic program by enhancing peroxisome proliferator activated receptor-γ coactivator-1α (PGC1α) expression through the p38/ATF2/PGC1α pathway [41]. Whole body PRMT7 KO animals exhibit decreased oxidative metabolism and attenuated endurance exercise capacity compared to their wild type littermates. While further studies will be necessary to define the role of other members of the PRMT family in muscle homeostasis and remodeling, PRMTs have emerged as the critical regulator of the process and an intriguing target for treating NMDs.




4. PRMTs in Neuromuscular Function


The nervous system and muscular system are tightly connected through a specialized junction called the neuromuscular junction (NMJ). NMJ is a synapse that forms between motor neurons and skeletal muscle and is covered by terminal Schwann cells. During development, the nerve terminal of motor neurons releases agrin, which binds to the agrin receptor Lrp4 of the myotube. This activates transcription of a set of genes necessary for acetylcholine receptor (AChR) cluster formation at the post-synaptic part of the myotube [42]. In turn, muscle cells release signaling proteins such as beta-catenin that are required for the pre-synaptic differentiation of the motor neurons [43]. When a body movement is triggered, lower motor neurons release acetylcholine (Ach) into the synaptic cleft, and the muscle membrane detects this chemical signal via AChRs and triggers muscle contraction by activating voltage-gated dihydropyridine receptors and ryanodine receptors in the sarcolemma [42]. As a result, the motor neurons, myotubes, and NMJs constitute an intricate functional unit for our body movement, and a problem that occurs in one part severely affects the rest of the unit.



PRMTs are expressed strongly in the entire nervous central nervous system (CNS) [44] and have shown to be critical for the maintenance of neuromuscular function. The conditional KO of PRMT1 in the neural stem cells leads to the neonatal death of mice, displaying a severe defect in the myelination of neurons [45]. The deletion of PRMT5 in neural stem cells also leads to neonatal death [46], and the enzyme is suggested to be involved in maintaining a proliferative state of neural stem cells via symmetric dimethylation of histone H4 arginine 3 [47]. Both PRMT1 and PRMT5 were shown to be indispensable for oligodendrocyte differentiation and myelination [45,48]. PRMT4 is also implied in the maintenance of a proliferative state of neural progenitor cells through methylation of HuD, an RNA binding protein (RBP), that disrupts its binding to p21cip1/waf1 [49]. Also, PRMT4 regulates astroglial cell fate via histone H3 arginine 17 methylation [50]. PRMT8 in the brain regulates synapse maturation, and the brain-specific loss of PRMT8 leads to compromised hippocampus-dependent memory [51,52]. Studies have also revealed that PRMT1 and PRMT7 regulate ion channel activity and the excitability of neurons [53,54]. Since PRMTs are involved in differentiation, myelination, synapse formation, and the activity of neurons, it is unsurprising that alteration in PRMT activities is associated with neurodegeneration and NMDs [14].




5. PRMTs in Neuromuscular Diseases (NMDs)


NMDs are characterized by impaired skeletal muscle due to degeneration of motor neurons, NMJs, or muscle cells. NMDs are categorized based on the site of origin and whether the cause is inherited or sporadic [55]. Some of the common NMDs include amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), myasthenia gravis (MG), and Duchenne muscular dystrophy (DMD). Mounting evidence suggests that PRMT is a major player in the etiology of NMDs. PRMTs have been shown to interact with many proteins associated with NMDs and modulation of PRMT activities has shown to diminish pathological features in cells. Post-mortem spinal cords of ALS patients show higher immunoreactivity against PRMT1 as well as higher concentrations of ADMA in the cerebrospinal fluid compared to those of the control group [56], further supporting the relevance of PRMTs in disease progression. However, how PRMTs are involved in the etiology of NMDs remains unresolved, and mechanistic studies are actively ongoing. This section will explore three mechanisms of PRMTs involvement in the progression of NMDs.



5.1. Regulation of Cytoplasmic Ribonucleoprotein (RNP) Granules


Cytoplasmic accumulation of protein aggregates is a pathological hallmark of various neurodegenerative diseases such as ALS, frontotemporal dementia, Alzheimer’s diseases, and Huntington’s diseases. ALS is a severe neuromuscular disease characterized by the loss of both upper and lower neurons, leading to muscle atrophy, stiffening, and paralysis. It is one of the most common degenerative diseases of motor neurons with incidence rates of 0.6–3.8 per 100,000 individuals, and it usually causes death within three to five years after the beginning of symptoms in ALS patients, mostly due to respiratory failure [57,58,59]. However, the etiology of the disease is not well understood, and thus, no effective cure is currently available. Approximately 90% of cases are classified as sporadic ALS (sALS), while 8 to 10% are categorized as familial ALS (fALS) [58]. In post-mortem brain and spinal cord of both sALS and fALS patients, cytoplasmic fused in sarcoma (FUS)-positive or TAR DNA-binding-43KDa (TDP-43)-positive inclusions are found in over 90 percent of the cases [60]. FUS and TDP-43 are ubiquitously expressed RBPs involved in the processing and transporting of RNAs. In neurons and glial cells, FUS is predominantly localized in the nucleus and plays a role in dendritic spine formation, RNA transport, mRNA stability, and synaptic homeostasis [61]. It contains tyrosine-rich low-complexity domain (LCD) in the N-terminal domain, an RNA-recognition motif, multiple RGG domains, and a nuclear localization signal (NLS) in the C-terminal domain [62]. The NLS of FUS has shown to be required for the nuclear import of FUS, and it is dependent on the interaction with transportin (Figure 3A) [63,64]. ALS-associated mutations of FUS are mostly found within the NLS [65,66], impairing the nuclear import of FUS and causing cytoplasmic accumulation of the protein (Figure 3B). TDP-43 contains an NLS in the N-terminal domain, two RNA-recognition motifs, followed by a glycine-rich LCD [67]. Unlike FUS, over 30 ALS-associated mutations of TDP-43 do not affect the NLS [63]. Studies suggest that the mutations rather promote aggregation propensity of TDP-43 in the cytoplasm [68,69]. The cytoplasmic accumulation of the RBPs increases local protein concentration and triggers liquid-liquid phase separation (LLPS) of the RBPs to form a reversible membraneless organelle. In a non-pathological condition, these transient RNP granules are suggested to be beneficial through the silencing of RNA translation in response to stress or by transporting RNAs to cell extremities to perform localized translation [70]. However, persistent RNP granules become fibrotic and cytotoxic.



Studies suggest that PRMTs may be involved in both nuclear transport and LLPS of the RBPs. FUS contains over 20 dimethyl arginine residues, which are mainly found in the RGG3 domain nearby NLS [71], and the residues have been shown to be targeted by PRMT1 and PRMT8 [72,73]. Treating cells with the general methylation inhibitor adenosine-2,3-dialdehyde (AdOx), restores the nuclear import of ALS-associated FUS mutants (ALS-FUS) [64,72,73]. PRMT1 knockdown also diminishes the cytoplasmic accumulation of ALS-FUS [64,72,73]. Dormann et al. showed that this rescue of ALS-FUS phenotype by AdOx treatment requires the presence of arginines in the RGG3 domain of FUS [64]. The authors further demonstrated that the unmethylated RGG3 domain of ALS-FUS binds to transportin, while methylation of the RGG3 domain prevents this binding. Based on these data, Dormann et al. proposed a model describing an alternative binding site of FUS to transportin in the RGG3 domain, which is only unmasked when the methylation is removed (Figure 3C). This model elegantly explains how the inhibition of methyltransferase activity or PRMT1 knockdown can rescue the nuclear import of ALS-FUS in cells. The model is further supported by an independent study showing much higher affinity of unmethylated or monomethylated FUS to transportin than asymmetrically dimethylated FUS [74]. In the post-mortem tissues of ALS patients, unmethylated or monomethylated FUS are not found readily [74], which is in line with the proposed function of PRMT1 in the cytoplasmic accumulation of ALS-FUS.



What drives LLPS of proteins and RNAs in cells is still a topic under investigation. In the case of FUS, LLPS is suggested to be driven by the electrostatic force between the pi electron cloud of the aromatic rings in the tyrosine-rich LCD and cations of arginine and lysine residues. This electrostatic force is termed the π-cation interaction [75,76]. Therefore, the tyrosine-rich LCD and RGG domains of FUS have been found to be necessary for the LLPS. Of note, arginine residues outside of RGG domains can also participate in π-cation interactions, and the necessity of RGG domains is simply due to the arginine-rich nature of the domains. The methylation of arginine introduces bulkiness and hydrophobicity while maintaining the charge of the residue [77]. In the context of π-cation interactions, arginine methylation has been shown to weaken the interaction, and thus, suppress LLPS of FUS [78,79,80,81]. This complicates the delineation of PRMTs’ role in cytoplasmic RNP granule formation. While methylation of ALS-FUS prevents the RGG3 domain’s interaction with transportin, which leads to cytoplasmic accumulation of the protein, it can suppress LLPS by weakening π-cation interactions once the proteins are mislocalized to the cytoplasm.



This dual role of PRMT in cytoplasmic RNP granule formation means that the consequences of PRMT inhibition can vary based on the timing and context of the inhibition. Tradewell et al. showed that while AdOx treatment or PRMT1 knockdown at least 48 h prior to the transfection of ALS-FUS leads to diminished cytoplasmic ALS-FUS, concurrent PRMT1 knockdown alongside the transfection of ALS-FUS leads to an increase in cytoplasmic ALS-FUS [72]. This opposing effect of PRMT1 knockdown can be explained by the delayed knockdown of PRMT1 not having enough time to rescue the nuclear import of ALS-FUS, but in time to promote the LLPS of ALS-FUS and exacerbate the mutant phenotype (Figure 3D). A study by another group also found increased cytoplasmic ALS-FUS by PRMT1 knockdown in cortical neurons, and the knockdown was performed by concurrent transfection of PRMT1 shRNA and ALS-FUS plasmids [82]. In vivo studies in flies by two independent groups have demonstrated that knockdown of the PRMT1 ortholog, Dart1, exacerbates the neurodegeneration phenotype induced by human ALS-FUS expression [73,83]. In these studies, the knockdown of PRMT1 ortholog was done in transgenic flies already expressing human ALS-FUS. Therefore, the timing of inhibition may be the reason for the increased severity of the neurodegenerative phenotype.



Altogether, the opposing effect of PRMT1 knockdown in the cytoplasmic RNP granule formation of ALS-FUS is at first confusing, but most data seem to fit the model of PRMTs having a dual role in both nuclear import and LLPS of FUS. Inhibition of general methyltransferase activity or PRMT1 specifically rescues nuclear import of ALS-FUS by revealing alternative binding domain against transportin. However, the same treatment can also worsen the pathological phenotype of ALS-FUS if it is done after ALS-FUS had already been accumulated in the cytoplasm by promoting LLPS of FUS. These data underscore the potential of PRMT1 as a therapeutic target of ALS, as well as the need for caution in utilizing PRMTs as a therapeutic target.




5.2. Transcriptional Regulation


In NMD patients, the expression of genes related to inflammation, apoptosis, myelination, and axonal transport has shown to be altered, particularly in the early stages of the diseases [84,85]. PRMTs have a wide range of substrates, which include both histones and non-histone proteins, to regulate the gene expression profile. For example, histone H4 arginine 3 (H4R3) is a substrate of PRMT1, and asymmetric dimethylation of H4R3 has been shown to recruit histone acetyltransferases to activate various gene expression [86]. On the other hand, demethylation of H4R3 is associated with heterochromatin formation [86]. PRMT5 also methylates H4R3 alongside with histone H2A arginine 3, which leads to repression of set of genes including MYC target genes [24,87]. PRMT4 has shown to interact with p160 as a coactivator [24], while also functioning as a corepressor by blocking the interaction between cAMP response element-binding proteins (CREB) and CREB binding proteins [88]. The transcriptional regulatory role of PRMTs is suggested to be another mechanism for the enzymes to be involved in the progression of NMDs.



MS and MG are NMDs caused by autoimmune response that damages CNS and NMJ proteins. MS is characterized by damaged myelination and axons in the central nervous system, which leads to impaired vision, movement, fatigue, and muscle atrophy due to the misuse of the muscles. It usually occurs in adults of 20 to 45 years of age [89], and about 2.5 million individuals are affected worldwide [90]. MG is caused by autoantibodies attacking the acetylcholine related proteins in the postsynaptic membrane of muscle cells. This damages the NMJs, which in turn weakens the skeletal muscle. MG is reported to affect about 40–180 per million people worldwide [91], making it one of the major diseases targeting the NMJs. Studies suggest that PRMTs have important roles in immune cells through transcriptional regulation. Both PRMT1 and PRMT5 are found to be highly expressed in T helper cells, and global inhibition of methyltransferase activity showed an immunosuppressive effect on T cells [92,93]. PRMT5 in particular was found to be upregulated during T helper cell proliferation, and PRMT5 inhibition was sufficient to suppress memory T cell expansion [92]. A mechanistic study suggested that PRMT5 regulates the expression of IL-2 in T cells, which is important for the inflammatory response. While the direct target of PRMT5 that leads to the regulation of IL-2 expression has not been validated, several proteins involved in alternative splicing following T cell activation are found to be methylated by PRMT5 and proposed to be the potential link [94]. The deletion of PRMT5 in CD4+ T helper cells was able to suppress the inflammatory response and clinical signs of experimental autoimmune encephalomyelitis (EAE) mice, which is a model of MS [95].



Polyglutamine-expansion is an expansion of the CAG trinucleotide repeat that occurs in various genes and it is associated with a group of neurodegenerative diseases referred to as polyglutamine diseases. Androgen receptor (AR) is one of the genes that goes through polyglutamine-expansion to cause spinal and bulbar muscular atrophy (SBMA), which is a hereditary NMD that affects the lower motor neurons. The expanded polyglutamine sequence of AR is suggested to confer cytotoxicity mainly through a toxic gain of function, but the exact etiology has not been demonstrated [96]. The increased native transactivating function of AR due to polyglutamine expansion is another proposed mechanism of SBMA [97]. PRMT6 has been found to act as a coactivator of AR by methylating the Akt consensus site motif of AR, and this activity was shown to be enhanced by the polyglutamine-expansion [98]. As a result, inhibition of PRMT6 suppressed the neurodegenerative phenotype in the eye of drosophila caused by polyglutamine-expanded AR [98]. The data suggest the potential involvement of PRMT6 in SBMA etiology by promoting AR-mediated transactivation.



Cytoplasmic RNP granules sequester various proteins and RNAs from the site where they normally reside and function. For example, cytoplasmic aggregation of FUS leads to sequestration of PRMT1 from the nucleus [99]. These cells display demethylated H4R3, which is a sign of heterochromatin. The demethylated H4R3 recruits histone deacetylases to reduce acetylation of H3K9/K17, further expanding the heterochromatin histone marks [86,99]. This chromatin remodeling due to loss of nuclear function of PRMT1 can have widespread impact via transcriptional regulation of many genes. A study showed that the ALS-associated FUS-R521C mutant binds to PRMT1 more strongly than wild type FUS or other FUS mutants, sequestering the highest level of PRMT1 from the nucleus [82]. Furthermore, the FUS-R521C mutant expression in cortical neurons made the cells more susceptible to oxidative stress than other FUS mutants, manifested by the shorter length of neurites. The authors hypothesized that this increased susceptibility of cells against oxidative stress is due to the impaired nuclear function of PRMT1. Indeed, the overexpression of PRMT1 rescued the length of neurites under oxidative stress, while PRMT1 knockdown exacerbated the oxidative stress induced phenotype. Since PRMT1 has variety of ways to affect the cells, such as direct regulation of the stress granule formation as we discussed in the previous section, further examination would be required to show that the rescue is indeed due to the restoration of nuclear function of PRMT1. However, the differential affinity of a FUS mutant to PRMT1 suggests a potential mutation specific mechanism to induce or worsen disease phenotypes by interfering with the transcriptional regulatory function of PRMT1 in the nucleus.



PRMT8 is particularly enriched in motor neurons and PRMT8 knockout mice exhibit muscle atrophy and NMJ fragmentation [100]. Transcriptome analysis revealed that the loss of PRMT8 decreases the expression of CREB1, disrupting the CREB1-dependent neuroprotective transcriptional network [100]. While more mechanistic studies are desired to delineate the downstream effectors and how they are modulated by PRMTs, these studies offer examples of PRMTs as a transcriptional regulator in association with NMDs.




5.3. Regulation of Protein-Protein and Protein-RNA Interactions


Spinal muscle atrophy (SMA) is an NMD characterized by degeneration of motor neurons and skeletal muscle due to mutations in the survival motor neuron 1 (SMN1) gene. The SMN protein is involved in pre-mRNA splicing and transport through binding to various splicing factors via its Tudor domain, which specifically recognizes and binds to methylated arginine and lysine residues [101]. Mutations in the Tudor domain of SMN have been shown to cause SMA, underscoring the significance of Tudor domain mediated binding activity of SMN in the disease progression [102]. Since SMN functions through selective binding against methylated arginine residues via its Tudor domain, PRMT may act as a potential mediator of the interaction between SMN and its binding partners. Indeed, many splicing factors such as CA150, SAP49, SmB, and U1C were shown to be substrates of PRMT4, and the interaction between CA150 and SMN was shown to be dependent on PRMT4 activity [103]. KH-type splicing regulatory protein (KSRP), which is another splicing factor that regulates mRNA decay in neurons, interacts with SMN and colocalizes in neurite granules in a PRMT4 dependent manner [104]. As KSRP bind and promote the decay of p21 mRNA, which is a negative cell cycle regulator that has been shown to be consistently upregulated in SMA patient models [105], the stabilization of p21 mRNA due to the loss of KSRP’s native function is proposed to be one of the contributors of the disease onset [104]. HuD is another splicing factor that functions through interaction with SMN and requires PRMT4 activity for the interaction [106]. p21 mRNA is also a target of HuD, but unlike KSRP, HuD stabilizes the p21 mRNA against decay [106]. Methylation of HuD by PRMT4 reduces the interaction between HuD and p21 mRNA and promotes decay of the mRNA [106]. These data support a preventive role of PRMT4 against SMA by promoting the decay of p21 mRNA. However, PRMT4 was shown to be upregulated at a protein level in SMA patient derived cells, and it is suggested to be a potential source of cytotoxicity through mis-regulation of alternative splicing and mRNA decay pathway [107,108]. While further studies would be needed to delineate the specific role of PRMT4 in SMA pathophysiology, the data strongly support the involvement of PRMT4 in the disease progression by modulating the Tudor domain binding sites of the splicing factors.



PRMT5 is another member of the PRMT family that is associated with SMA. Sm proteins are mis-localized in SMA patients, and localization of the proteins are regulated by symmetric dimethylation in their C-terminal tails by PRMT5 [109,110]. RNA polymerase II (RNAP II) is another substrate of PRMT5 and one of the binding partners of SMN via the Tudor domain. The interaction between RNAP II and SMN requires methylation of RNAP II R1810 by PRMT5, and successful interaction further recruits senataxin, an RNA-DNA helicase [111]. Together, this protein complex performs R-loop resolution during transcription. Mutations in senataxin are associated with ALS [112], likely due to dysfunctional R-loop resolution. Therefore, PRMT5 may also be a player in R-loop resolution associated ALS via the modulating interaction between SMN and RNAP II.



The association of PRMTs in the progression of NMDs is continuously emerging. While some of the mechanisms of how PRMTs may be involved in the disease progression have been highlighted here, the readers should keep in mind that they are only a fraction of the many ways PRMTs can be involved in the process. Also, they are not mutually exclusive to one another, and the pathological phenotype is most likely a result of multiple mechanisms functioning simultaneously that eventually converge into the disease phenotype. This makes the use of PRMT as a therapeutic target very challenging, as modulating PRMT activity may incur numerous unintended consequences, or even an effect completely opposite to that intended. Therefore, therapeutic strategy targeting PRMT must account for as many variables and patient-specific conditions as possible.





6. Therapeutic Strategies


Our current understanding of the etiology of NMDs and how PRMTs are involved is limited. Here, we attempt to provide a broad guideline regarding the factors that needs to be accounted for when designing therapeutic strategies targeting PRMTs based on the studies to date. In the case of ALS, most of the patients exhibit cytoplasmic RNP granules that likely elicit cytotoxicity in motor neurons. Studies point to a dual role of PRMT1 in the formation of ALS-associated RNP granules. Inhibition of PRMT1 has shown to promote nuclear transport of ALS-FUS, but it can also facilitate LLPS of ALS-FUS to form cytoplasmic inclusions. To avoid unintended consequences, the state in which the patients are in regarding the ALS-FUS cytoplasmic localization at the time of treatment is critical. If the cytoplasmic concentration of FUS is already high, promoting PRMT activity may be beneficial to suppress LLPS of FUS by disrupting π-cation binding. On the other hand, PRMT1 inhibition may be utilized for cases where cytoplasmic content of FUS is still low, so that newly translated FUS mutants benefit from the rescued nuclear import.



For MG and MS, targeting PRMT5 to suppress inflammatory response seems to be a promising measure. A potential side effect to be wary of in targeting PRMT5 is the trigger of apoptotic pathways by the downregulation of PRMT5. Downregulation of PRMT5 has shown to trigger apoptosis via the E2F-1/NF-kB/GSK-3b axis in various contexts [113,114]. Therefore, concurrent measures of antiapoptotic drugs alongside the PRMT5 inhibitor may be considered, or the dosage and duration of the PRMT inhibitor must be thoroughly tested and controlled.



DMD is a disease characterized by progressive muscle wasting due to a mutation in the dystrophin gene [115]. The dystrophin gene is located in the X chromosome and the X-linked recessive mutation affects about 1 in 5000 newborn boys [116]. The dystrophin protein functions as a structural stabilizer by connecting the muscle fibers to the extracellular matrix. Dysfunctional dystrophin induces chronic inflammation in the muscle fiber, which exhausts the muscle stem cells and interferes with the regeneration capacity of the muscle fibers. Gene therapy and stem cell therapy to restore the function of dystrophin in muscle cells are being developed, but restoration of already lost muscle mass would be a challenge [117]. Studies have suggested that a slow oxidative muscle type has a higher tolerance against disease progression [29,118]. In this regard, promoting PRMT7 activity may be a type of strategy to take to support muscle remodeling toward slow oxidative myofibers.



What must be considered for any strategies targeting PRMTs is to not disrupt the minimal level of PRMT activity required for cell survival, as the function of PRMTs, particularly PRMT1, has shown to be important for normal physiological functioning of the cells. As with any type of treatment, targeted delivery to a specific type of cells would be a safer option than a general treatment when targeting PRMTs. Also, continuous mechanistic study of both NMD etiology and PRMTs’ function in the future may allow for the designing of more personalized treatment strategies based on the mutant type or nongenetic factors of the patient to avoid side effects. For example, a mutation in the C9orf72 gene is the one of the most common causes of familial ALS and frontotemporal dementia [119,120]. The mutation consists of an abnormal expansion of a repeated hexanucleotide sequence (GGGGCC) in the first intron of the C9orf72 gene [119,120]. Repeat-associated non-AUG translation of this expansion produces dipeptide repeat proteins (DRPs), and the arginine containing DRPs, polyGR and polyPR are consistently reported to be the most toxic [121,122]. Premasiri and colleagues demonstrated that asymmetric dimethylation of polyGR and polyPR by Type I PRMTs plays important roles in their cytotoxicity. Moreover, they showed that Type I PRMT inhibitors can abrogate toxicity produced by exogenous polyGR and polyPR challenge in NSC34 cells [123], suggesting that Type I PRMT inhibition is a potential therapeutic strategy specifically for polyGR and polyPR induced ALS patients. Other examples of targeting PRMTs and its effect on specific NMD phenotype in preclinical models are listed in Table 1 with details on the type of mutation and model system.



Following the development of selective PRMT inhibitors targeting a specific PRMT isoform and preclinical studies on their usage, several selective PRMT inhibitors have entered clinical trials. GSK3326595, a PRMT5 inhibitor, was the first molecule targeting PRMTs to enter the clinical trial on 2016. Since then, a total of nine clinical trials of PRMT inhibitors have been listed on the clinicaltrials.gov website (Table 2). All nine of them test the inhibitors against cancer and are in phase 1/phase 2. Besides GSK3368715, which is a type I PRMT inhibitor, all of the molecules undergoing clinical studies are PRMT5 inhibitors. This is due to strong preclinical evidence of PRMT5’s involvement in oncogenesis and success in the development of PRMT5-specific inhibitors [10]. Only one of the nine trials is listed as completed, but the result has yet to be posted. Considering the timeline of the rest of the clinical trials, which are estimated to be completed between 2022 and 2025, we will soon be able to obtain data on the safety and efficacy of PRMT inhibitors in humans. The process is in the very early stages of looking into the usage of PRMT inhibitors as therapeutics, and therefore many opportunities lie ahead. Clinical trials investigating other diseases including NMDs are expected to follow in the near future.




7. Conclusions


The cases of neurodegenerative and neuromuscular diseases are continuously increasing, and they are projected to increase further in the future due to the aging population. However, we are many steps away from even identifying the cause of many NMDs. The relatively slow progress in this field signals the need for a different approach, perhaps transferring more attention toward nongenetic factors that may contribute to the diseases. PRMT biology seems to be one of the factors that deserves more attention. The significance of PRMTs in various diseases is constantly emerging, and NMDs are not an exception. What is intriguing in the PRMT biology is that the nine members of the PRMT family seem to work together to function as an intricate regulatory machine to maintain the homeostasis of the arginine methylation state in cells. There seem to be multiple layers of regulatory mechanisms through functional redundancy, substrate specificity, and direct regulation of each another to maintain the balance. While enzymes that function as arginine demethylase in vivo have not been confirmed, dynamic properties of the modification clearly seems to exist in terms of overall methylation level, the type of methylation (mono-, symmetric, asymmetric), and their distribution. For example, the inhibition of the major type I arginine methyltransferase, PRMT1, leads to an increase in the global MMA and SDMA level, giving us a peek into the competition that exists among different types of PRMTs for arginine methylation sites [124]. The pathological phenotype seems to be caused when this balance is disrupted. Both increased and decreased levels of PRMTs have been associated with various cancers and cardiovascular disease [25,125]. This characteristic of PRMT biology is consistent with the model describing the onset of NMDs in which “a pre-existing genetic load is acted on by time and environmental exposures until a tipping point is reached [126].” Further study on the implications of changes in the arginine methylation state of the proteome might offer the key to overcome NMDs.
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Figure 1. Correlation between expression of Prmts and NMJ markers in datasets of amyotrophic lateral sclerosis (ALS) and Duchenne muscular dystrophy (DMD) disease models obtained from an open database. (A) A schematic illustration demonstrating the stepwise workflow of the transcriptome analysis. Gene expression profile of muscle, spinal cord, and motor neuron from various species was collected from the Gene Expression Omnibus of the National Center for Biotechnology Information; the value of gene expression was normalized to Z-score, and correlation between Prmts and NMJ markers was analyzed. (B,C) Scatter plots presenting the correlated expression patterns between Prmts (X-axis) and NMJ markers (Y-axis) in ALS model. Cholinergic Receptor Nicotinic Alpha. (D) Correlated expression patterns between PRMTs (X-axis) and Chrna1 (Y-axis) in DMD. (ALS: n = 73, DMD: n = 255). 
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Figure 2. Correlation between Prmts and oxidative stress markers in ALS and DMD models. (A,B) Scatter plots presenting the correlated expression patterns between Prmts (X-axis) and oxidative stress markers (Y-axis) in ALS model. Tumor Necrosis Factor-Alpha (Tnf-α) (A), Interleukin 6 (Il6) (B). (C–F) Correlated expression patterns between Prmts (X-axis) and oxidative stress markers (Y-axis) in DMD model. Superoxide Dismutase (Sod) (C), Tnf-α (D), Interleukin 1 Beta (Il1b) (E), Il6 (F). (ALS: n = 71, DMD: n = 255). 
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Figure 3. Dual function model of PRMT1 in cells expressing ALS-associated FUS mutant. (A) Wild type FUS is transported to the nucleus by transportin (TRN) that binds to NLS (yellow) of FUS. (B) Mutation (P525L) in ALS-FUS disrupts the interaction between NLS and TRN, leading to cytoplasmic accumulation of ALS-FUS and formation of RNP granules. (C) PRMT1 inhibition that precedes ALS-FUS expression reveals alternative binding site of FUS (cyan) to TRN, rescuing the nuclear transport of ALS-FUS. (D) Concurrent PRMT1 inhibition with ALS-FUS expression fails to rescue the nuclear transport of already mis-localized ALS-FUS. Reduced methylation of cytoplasmic FUS by PRMT1 inhibition strengthens π-cation interaction of ALS-FUS, exacerbating ALS phenotype. 
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Table 1. Effect of targeting PRMTs on NMD phenotypes.
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	PRMT
	Method
	Model
	Effect on NMD Phenotype





	General methyltransferase inhibitor
	AdOx
	Hela cells
	Rescues nuclear import of FUS mutants (R524S, R522G, R525L) [64]



	General methyltransferase inhibitor
	AdOx
	Primary rat hippocampal neurons
	Rescues nuclear import of FUS mutant (P525L) [64]



	General methyltransferase inhibitor
	AdOx
	Primary motor neurons
	Diminishes cytoplasmic FUS mutants (R521H, R521G, R521C) [72]



	General methyltransferase inhibitor
	AdOx
	ALS patient-derived lymphoblastoid cells
	Rescues nuclear import of FUS mutant (R518G) [73]



	PRMT1
	siRNA KD
	Hela cells
	Partial rescue of nuclear import of FUS mutant (P525L) [64]



	PRMT1
	KO
	MEF
	Diminishes cytoplasmic FUS mutants (R521H, R521G, R521C) [72]



	PRMT1
	siRNA KD
	HEK293
	Diminishes cytoplasmic FUS mutants (R521H, R521G, R521C) [72]



	PRMT1
	siRNA KD
	Primary motor neurons
	Increases cytoplasmic FUS mutants (R521H, R521G, R521C) [72]



	PRMT1
	Inhibitor (AMI-1)
	ALS patient-derived lymphoblastoid cells
	Rescues nuclear import of FUS mutant (R518G) [73]



	PRMT1
	shRNA KD
	Cortical neurons
	Enhances neurite shortening by FUS-R521C under oxidative stress [82]



	PRMT1
	Overexpression
	Cortical neurons
	Prevents neurite shortening by FUS-R521C under oxidative stress [82]



	PRMT1
	Inhibitor (MS023)
	NSC-34
	Abrogates PR15-induced toxicity [123]



	DART1

(PRMT1/PRMT8 ortholog)
	siRNA KD
	Drosophila
	Enhances neurodegeneration of eyes induced by wild-type FUS or FUS-R521H [73]



	DART1

(PRMT1/PRMT8 ortholog)
	siRNA KD
	Drosophila
	Enhances neurodegeneration of eyes induced by wild-type FUS or FUS-P525L [83]



	PRMT5
	Inhibitor (CMP5 or HLCL65)
	Mouse memory T cells
	Suppresses memory T cell expansion [92]



	PRMT5
	Inhibitor (CMP5) or shRNA KD
	Human memory T cells
	Suppresses memory T cell activation and expansion, partly through downregulation of IL-2 [92]



	PRMT5
	Inhibitor (CMP5)
	OVA-induced DTH mouse
	Suppresses T cell-mediated inflammatory response [92]



	PRMT5
	Inhibitor (HLCL65)
	MOG-induced EAE mouse
	Suppresses clinical signs of EAE through diminishing T cell-mediated inflammatory response [92]



	PRMT5
	CD4+ T-cell specific KO
	MOG-induced EAE mouse
	Suppresses clinical signs of EAE through diminishing T cell-mediated inflammatory response [95]



	PRMT6
	Overexpression
	MN-1
	Exacerbates cytotoxicity due to polyglutamine-expanded AR [98]



	DART8

(PRMT6 ortholog)
	RNAi KD
	Drosophila
	Suppresses neurodegenerative phenotype due to polyglutamine-expanded AR [98]
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Table 2. Ongoing clinical trials of molecules targeting PRMTs.
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	Drug
	Description
	Phase
	Disease
	ClnicalTrials.gov

Identifier
	Study Date





	GSK3326595
	PRMT5 inhibitor
	Phase 1
	Solid tumor

Lymphoma
	NCT02783300
	30 August 2016–29 April 2025



	
	
	Phase 1/2
	Neoplasm
	NCT03614728
	16 October 2018–23 April 2025



	
	
	Phase 2
	Breast cancer
	NCT04676516
	21 March 2021–31 December 2022



	JNJ-64619178
	PRMT5 inhibitor
	Phase 1
	Neoplasm
	NCT03573310
	13 July 2018–30 December 2022



	PRT543
	PRMT5 inhibitor
	Phase 1
	Solid tumor

Lymphoma

Leukemia
	NCT03886831
	11 February 2019–11 August 2022



	PF-06939999
	PRMT5 inhibitor
	Phase 1
	Solid tumor
	NCT03854227
	14 March 2019–21 September 2023



	PRT811
	PRMT5 inhibitor
	Phase 1
	Solid tumor

Lymphoma

Glioma
	NCT04089449
	6 November 2019–October 2022



	AMG 193
	PRMT5 inhibitor
	Phase 1/2
	Solid tumor
	NCT05094336
	30 December 2021–13 November 2024



	GSK3368715
	Type I PRMT inhibitor
	Phase 1
	Neoplasm
	NCT03666988
	22 October 2018–4 March 2021
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