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Editorial on the Research Topic
 Mechanisms of neurodegeneration in amyotrophic lateral sclerosis and related disorders




This Research Topic, Mechanisms of Neurodegeneration in Amyotrophic Lateral Sclerosis and Related Disorders, includes eight original research papers and two reviews on genetic factors and molecular mechanisms associated with Duchenne muscular atrophy, spinal muscular atrophy, and amyotrophic lateral sclerosis. This Research Topic covers how genetic (KIF1A and TUBBA4A) and environmental factors (e.g., aging, apnea, osteoporosis, and inflammation) can influence these degenerative conditions. It also explores the disease mechanisms of ALS and drug discovery using zebrafish and patient-derived cells.

We open this editorial with a study investigating the effects of aging on the formation of tubular aggregates. These aggregates are formed upon progressive accumulation of sarcoplasmic reticulum protein, which is often associated with myopathies. de Vasconcelos et al. investigated how degeneration and regeneration in skeletal muscle can influence the presence of these tubular aggregates. The authors investigated wild-type animal models and Duchenne muscular dystrophy models to evaluate the effects of muscle regeneration and tubular aggregate formation. To induce regeneration, the animals were subjected to injury using electroporation and left to recover for 5, 15, and 30 days post-electroporation. The findings revealed that tubular aggregates were more prevalent in aged WT animals than those with aged Duchenne muscular dystrophy. Furthermore, the study showed that the number of tubular aggregates decreased progressively from 5 to 30 days post-electroporation, with the WT-aged animals displaying recovery by 5 days after the injury. The authors propose that tubular aggregates accumulate in muscle fibers as a result of aging and that during the regeneration process, new muscle fibers that do not contain these aggregates are produced. These newly produced muscle fibers do not seem to contribute to an extra functional capacity of the muscle.

Moving on to molecular mechanisms of neurodegenerative diseases, Rashid and Dimitriadi review the pathogenic mechanisms of autophagy and potential therapeutic approaches in spinal muscle atrophy. The authors provide a summary of spinal muscular atrophy, the effect of autophagy on the disease and how alterations in the autophagic flux could be a potential therapeutic route for SMA.

The following studies focused on amyotrophic lateral sclerosis (ALS), a complex condition influenced by genetic and environmental factors. Research has identified various dysregulated proteins in ALS, including those involved in axonal transport. Among these proteins are motor proteins like kinesin, which are essential for transporting cargo, such as vesicles, mRNA, and organelles, from the cell body (soma) to the axon terminals. Mutations in genes associated with axonal transport have been identified in patients with ALS. A recent study discovered mutations in the KIF1A gene among ALS patients in southern China, suggesting it may be a genetic risk factor for the disease. To investigate whether KIF1A mutations are present in a different cohort of Chinese ALS patients, Zheng W. et al. conducted whole-exome sequencing on 1,068 ALS patients. Of these, 14 patients (1.31%) had mutations in the C-terminal region of the KIF1A gene. Notably, mutations in the motor domain at the N-terminal end of the KIF1A gene are linked to hereditary peripheral neuropathy and spastic paraplegia, highlighting that different mutations in this gene can lead to various conditions, thus broadening the spectrum of ALS. This study supports the idea that KIF1A mutations are considered a risk factor for ALS within the Chinese population.

The next three studies investigate Mendelian randomization, obstructive sleep apnea, osteoporosis and viral infections. Obstructive sleep apnea (OSA) is a common sleep disorder characterized by reduced hemoglobin oxygen saturation and disrupted sleep due to repeated apneas (pauses in breathing). Previous studies have suggested that patients with amyotrophic lateral sclerosis (ALS) who experience obstructive sleep apnea have worse survival rates compared to those without OSA. OSA can lead to intermittent hypoxia, which negatively affects cells in the central nervous system (CNS), resulting in neuronal injury, increased oxidative stress, and neuroinflammation. This indicates that OSA may contribute to the worsening of ALS symptoms.

Despite the evidence showing that OSA can exacerbate ALS symptoms, it remains unclear whether OSA is a risk factor for ALS. In their study, Du et al. conducted data mining research using Mendelian randomization to explore the relationship between OSA and the risk of developing ALS. The authors analyzed pooled data from genome-wide association studies (GWAS) involving 16,761 OSA patients and 201,194 healthy controls. They also examined meta-analysis data from 22,040 ALS patients and 62,654 healthy controls. By applying the inverse-variance weighted (IVW) method, the authors found that genetic predisposition to OSA was associated with an increased risk of ALS. While the findings should be interpreted with caution, the study highlights how data mining can help identify potential risk factors associated with various conditions.

Next, Li et al. investigated one GWAS dataset with 27,205 ALS cases and 110,881 controls and another GWAS database with 53,236 osteoporosis cases. Bone mineral density in the neck, spine and arm were evaluated. The authors identified 10 qualified SNPs as proxies for ALS. However, no association was observed between osteoporosis and the risk for ALS using IVW. In another study, Zheng Q. et al. conducted a study using Mendelian randomization using the IVW method to investigate a potential association between several viral infections—including herpes simplex virus (HSV), varicella-zoster virus (VZV), Epstein–Barr virus (EBV), cytomegalovirus (CMV), HHV-6, and HHV-7—and ALS. The research analyzed GWAS data from 6,812 subjects affected by these infections and 634,809 controls. The authors concluded that these viruses do not represent a risk factor for ALS.

Deepening on the role of inflammation and innate and adaptive immunity and ALS, Mimic et al. summarize the evidence linking immunity and ALS. In this review, the authors discuss the dual function of astrocytes and microglia as neurotoxic and neuroprotective cells and how other cells play a role in innate and adaptive immunity. The authors also discuss how autoantibodies and cytokines could play a role in the pathogenesis of ALS.

The identification of biomarkers for ALS would have important implications for disease progression, prognosis and treatment effectiveness. Research utilizing ALS biofluids, including serum and cerebrospinal fluid (CSF), has gained popularity in the past decades, although conflicting results have emerged. In this study, Fu et al. investigated the profile of microproteins, albumin, IgG, IgG, index of IgG, albumin quotient, and serum IgG in 870 ALS patients and 96 healthy ALS and healthy controls. The authors observed that approximately one-third of ALS patients in this study showed higher CSF IgG levels. However, CSF IgG index was decreased when compared with healthy controls. Additionally, multiple linear regression analysis indicates that the CSF IgG index is negatively associated with ALS Functional Rating Scale Revised (ALSFRS-R) scores in males with ALS. This suggests that higher levels of CSF IgG are linked to worsening ALS symptoms, leading to an increased risk of mortality in the ALS population. This study suggests that the CSF IgG index could be a potential biomarker for ALS severity.

Closing this Research Topic, two studies delved deeper into ALS disease mechanisms.

Van Schoor et al. evaluated the effects of downregulating the TUBA4A protein in zebrafish. The authors injected an antisense oligonucleotide morpholino into zebrafish and evaluated motor axon morphology and motor behavior (Van Schoor et al.). Downregulation of TUBA4A led to motor axonopathy and motor behavior disturbances, which were rescued by overexpression of wild-type TUBA4A mRNA. In addition, the downregulation of TUBA4A altered post-translational modifications of tubulin, acetylation, detyrosination, and polyglutamylation.

Closing this Research Topic, Watts et al. investigated the ER stress response in ALS-patient-derived inducible pluripotent stem cell lines. Three lines were used in this study: one derived from healthy control, one carrying the TARDBP G298S mutation, and one carrying the SOD1 L144F mutation, which differentiated them into motor neurons. These cells were subjected to pharmacologic ER stressors, increasing neuronal death risk. The authors evaluated how thapsigargin and tunicamycin exposure can recapitulate ALS-associated features associated with ER stress, including upregulation of CHOP and BiP and decreased total neurite length. To assess whether pharmacological compounds could rescue ER-stress-related phenotypes, the authors investigate a selective inhibitor of MAP4K4. This kinase can inhibit kenpaullone, a potential compound tested in ALS patients. The MAP4K4 inhibitor increased viability in thapsigargin- and tunicamycin-treated motor neurons. The authors performed phosphoproteomics on MNs treated with ER stressors and MAP4K4 inhibitors and identified JNK, PKC, and BRAF to be differentially expressed in MAP4K4 inhibitor-treated cells. This study highlights the use of patient-derived cells, compound screening, and evaluation of disease-related pathways altered in ALS.

These studies collectively emphasize the importance of investigating how genetic mutations and environmental factors contribute to neurodegenerative diseases. Using animal models and patient-derived cells can offer valuable insights into the mechanisms of these diseases and help identify novel therapeutic approaches for degenerative conditions.
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This review aims to summarize the latest evidence about the role of innate and adaptive immunity in Amyotrophic Lateral Sclerosis (ALS). ALS is a devastating neurodegenerative disease affecting upper and lower motor neurons, which involves essential cells of the immune system that play a basic role in innate or adaptive immunity, that can be neurotoxic or neuroprotective for neurons. However, distinguishing between the sole neurotoxic or neuroprotective function of certain cells such as astrocytes can be challenging due to intricate nature of these cells, the complexity of the microenvironment and the contextual factors. In this review, in regard to innate immunity we focus on the involvement of monocytes/macrophages, microglia, the complement, NK cells, neutrophils, mast cells, and astrocytes, while regarding adaptive immunity, in addition to humoral immunity the most important features and roles of T and B cells are highlighted, specifically different subsets of CD4+ as well as CD8+ T cells. The role of autoantibodies and cytokines is also discussed in distinct sections of this review.

KEYWORDS
 amyotrophic lateral sclerosis, neuroimmunology and neuropathy, innate immune system, adaptive immune system, neurodegeneration


1 Introduction

First described by Jean-Marie Charcot, amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is an irreversible neurodegenerative disease affecting both upper and lower motor neurons that progresses over time (Henkel et al., 2014). ALS is an adult-onset disease, most often occurring in men and women under the age of 60 years. The disease leads to very progressive and irreversible neurodegeneration of the upper and lower motor neurons, resulting in muscle weakness, dysarthria, and difficulty to swallow (dysphagia). Patients die within 4–6 years after the onset of the disease. The incidence of the disease is about two per 100,000 people (Logroscino et al., 2010). Although the etiopathogenesis of ALS remains unknown and inadequately studied, it is widely recognized as a complex and multifactorial condition, with immunological mechanisms playing an important role. Namely, there are two forms of ALS: the sporadic form (sALS), which is the most common with an unknown cause, and the familial form (fALS). In fALS, there is a disruption of the genes that code for axonal transport, vesicular traffic, or there occurs a disruption in RNA processing. The hereditary form of ALS is primarily associated with a specific mutation found in the gene responsible for producing superoxide dismutase type 1 (SOD1). It accounts for 20% of all known mutations, and transgenic mouse models of these human SOD1 mutations have provided an opportunity to investigate the disease mechanisms (Motataianu et al., 2020). SOD1 (Cu, Zn SOD) is a widespread cytosolic enzyme that converts the highly toxic superoxide anion into hydrogen peroxide. However, there are other mutations in focus of recent research, such as mutation in TAR-DNA-binding protein 43 (TDP43), FUS (Fused in Sarcoma), Angiogenin, and hexanucleotide repeats in the gene that codes for C9ORF72. TDP43 is encoded by the TARDP gene and cytoplasmic aggregation of the mutated forms of TDP43 protein are encountered in more 95% than all ALS cases (Neumann et al., 2006). Previously reported to be extensively expressed in peripheral myeloid cells and microglia, C9ORF72 mutations account for the cases of ~40% of fALS and 5–10% of non-fALS (DeJesus-Hernandez et al., 2011; Renton et al., 2011).

Alterations in both innate and adaptive immune cell populations have been shown to influence disease progression in both mouse models and ALS patients (Henkel et al., 2006; Beers et al., 2008; Finkelstein et al., 2011; Butovsky et al., 2012; Lam et al., 2016; Zondler et al., 2016; Jin et al., 2020; Figure 1). In the case of ALS, Wallerian degeneration can occur due to the progressive degeneration of motor neurons and axons in the spinal cord (Beirowski et al., 2005; Coleman and Höke, 2020). This degeneration can lead to the loss of communication between the motor neurons and the muscles they control, ultimately resulting in muscle weakness, atrophy, and paralysis. The exact mechanisms of Wallerian degeneration in ALS are still not fully understood, but it is believed to be related to the accumulation of abnormal proteins within the motor neurons, such as TDP43 and FUS. These abnormal proteins can lead to the formation of aggregates and disrupt normal cellular processes, eventually resulting in the degeneration and death of the motor neurons. Furthermore, Wallerian degeneration can also cause the activation of neuroinflammatory processes, which further contribute to the progression of ALS. The immune system has been shown to play an important role in Wallerian degeneration as immune cells infiltrate the degenerating nerve, clear debris, and support axonal regeneration (Rotshenker, 2011). Herein, we aim to summarize the involvement of immune system in the pathogenesis of ALS.
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FIGURE 1
 Differences between healthy individuals and ALS patients regarding the types of inflammatory cells. Members of the adaptive innate immune system, T and B cells play role in ALS progression, though their involvement may depend on the stage of the disease. Microglia and astrocytes are considered as the main contributors to the non-cell autonomous mechanism in ALS. The neuroprotective M2 microglia provide protection in the beginning of the disease by releasing anti-inflammatory mediators. However, as the disease progresses, a transition from the M2 to the neurotoxic M1 phenotype is observed. Microglial polarization in ALS is regulated with T cells and astrocytes’ responses. In terms of the first, anti-inflammatory cytokines IL-4 and IL-10 are released by Th2 cells and Tregs, during the early stage of disease, in addition, Th2 cells also secrete various neurotrophic factors while as the disease progresses, Th1 cells release the pro-inflammatory mediators and contribute to the M1 polarization. Similarly, the NF-κB activation in spinal cord astrocytes can promote the neuroprotective phenotype of microglia and inhibit disease progression, but prolonged NF-κB activation in the later stages of the disease promotes pro-inflammatory microglial responses. In addition, impairments in glutamate transporters limits glutamate uptake of astrocytes, ultimately leading to dysfunction of motoneurons. Besides microglia and astrocytes, NK cells and monocytes can infiltrate the region and contribute to the inflammatory response. In the peripheral blood of the ALS patients, neutrophil percentages were reported to be increased, and the increase in their ratio to lymphocytes correlates with the disease progression. By releasing hematopoietic serine proteases, neutrophils also regulate NK cell toxicity.




2 The role of innate immunity in ALS


2.1 Monocytes and macrophages

Monocytes originate from the bone marrow, where they maturate upon colony stimulating factor 1 receptor stimulation (CSF-1R) from hematopoietic precursors common to monocytes, certain subsets of macrophages, and dendritic cells (Auffray et al., 2009). Several studies clearly indicate an increased infiltration rate of peripheral monocytes in mouse models of ALS and ALS patients’ spinal cords (Butovsky et al., 2012; Zondler et al., 2016) as well as their activation in peripheral blood (Mantovani et al., 2009). Activated monocytes from individuals with ALS show altered secretion of pro-inflammatory cytokines, altered adhesion behavior, and impaired phagocytosis (Zondler et al., 2016, 2017).

A growing number of scientific studies suggest that monocytes can infiltrate the brain and spinal cord during pathological conditions and their role is associated with the disruption of the blood–brain barrier (Cronk et al., 2018). When considering animal models, in mice, peripheral monocyte infiltration is associated with better motor neuron survival (Zondler et al., 2016). In another in vivo study, Ly6Chigh monocytes have been shown to play an important role in disease progression and are associated with motor neuron injury (Butovsky et al., 2012).

Some of the most important pro-inflammatory mediators secreted by monocytes are chemokines C-X-C Motif Chemokine Ligand 1 (CXCL1) and C-X-C Motif Chemokine Ligand 2 (CXCL2), as well as FosB Proto-Oncogene, AP-1 Transcription Factor Subunit, Interleukin (IL)-1β, and Il-8, which unequivocally indicates that monocytes tend to polarize towards a pro-inflammatory phenotype in ALS (Du et al., 2020). Murdock and colleagues suggested that cell surface marker CD16 expression is altered during ALS, however, no correlation was reported between CD16+ monocytes and the ALS patient score, ALSFRS-R (Murdock et al., 2016). Figueroa-Romero and colleagues reported increased CCRL2 and CCR3 levels within the CNS (Figueroa-Romero et al., 2012). A comparison between the monocyte subsets indicated that CCRL2 expression is increased in CD16+ monocytes, however, no changes were reported in the expression pattern of CCRL2 in CD16 monocytes (Murdock et al., 2016). On the other hand, a significant difference was observed between CD16− and CD16+ monocytes in terms of CCR3 expression: CD16− monocytes have been reported to express significantly lower levels of CCR3. Moreover, a lack of correlation was reported between CCRL2 or CCR3 expression and the ALSFRS-R score. These data suggest that CCRL2 and CCR3 expression levels on CD16− monocytes cannot predict the stage of the disease.

In summary, studies involving individuals with ALS revealed that peripheral monocytes are activated and polarized towards the M1 phenotype rather than the M2 phenotype. However, additional studies are still needed in order to clarify the role of peripheral monocytes and macrophages in the pathogenesis of ALS at the molecular-immunological level. Despite the absence of a clear correlation between the ALSFRS-R score and peripheral monocyte markers, it may be beneficial to explore additional markers expressed on monocytes to uncover potential connections between the molecular dynamics of monocyte subsets and ALSFRS-R scoring.



2.2 Microglia

Microglia are a dynamic population of glial cells that can have either neurotoxic or neuroprotective effects. Neuroinflammation is mainly observed at the sites of motor neuron injury, where activated and proliferating microglia, as well as dendritic cells (the most important antigen-presenting cells), are located (Henkel et al., 2009; Philips and Robberecht, 2011). In vitro, microglia can be activated by lipopolysaccharide (LPS), which binds to cell surface receptors CD14 and Toll-like receptor (TLR) 2/4, resulting in the release of reactive oxygen species (ROS) and mediating the excitotoxic effects of glutamate and calcium (Zhao et al., 2006).

Microglial cells are resident macrophages of the CNS, and they participate in synaptic remodeling, pruning, and promotion of the formation of blood vessels (angiogenesis) (Du et al., 2017; Jurga et al., 2020). In the adult brain, microglia monitor signals from the environment and initiate inflammatory responses upon danger signals, providing the first line of defense in the brain. Microglia can recognize very subtle changes in the environment due to their surface receptors (Jurga et al., 2020). Although considered today as and oversimplified by analogy to peripheral monocytes, microglia subtypes are traditionally divided in M1 and M2 polarization phenotypes (Lyu et al., 2021). As observed in other diseases, it has been reported that microglia initially play a beneficial role before switching to a negative role in the advanced disease state (Henkel et al., 2009). Various studies have shown that M2 microglia protect motoneurons at the very beginning of ALS, while as the disease progresses, there is a transition from the M2 phenotype to the M1 phenotype (neurotoxic) (Figure 2; Liao et al., 2012; Gravel et al., 2016). This polarization arises from the crosstalk between T cells and microglia and will be discussed in more detail. In an in vivo study involving mSOD1 mice, the M2 phenotype of microglia with neuroprotective characteristics was more prevalent compared to their M1 counterparts in the early stages of the disease (Zhao et al., 2006). Activated microglia release inflammatory cytokines IL-1α and TNF-α as well as complement component 1q (C1q) which induce neurotoxic responses of astrocytes (Liddelow et al., 2017). Studies on primary microglia-motoneuron co-cultures have shown the neuroprotective characteristics of M2 microglia (Zhao et al., 2006) by secreting anti-inflammatory cytokines such as IL-10, transforming growth factor beta (TGF-β), fibroblast growth factor (FGF), IGF-1, CSF-1, brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), GDNF, and various neurotrophins (Colonna and Butovsky, 2017). However, as the disease progresses, polarization towards the neurotoxic M1 phenotype was observed, especially in the terminal stage of ALS (Henkel et al., 2014).
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FIGURE 2
 Microglial polarization during early (left) and late stages (right) of ALS. Anti-inflammatory microglia protect motor neurons at the beginning of the disease, while a transition to the neurotoxic M1 phenotype is observed as the disease progresses. T cell-microglia interaction plays role in microglial polarization, NK cells also contribute to the M1 polarization by secreting IFN-γ. Activated microglia release, IL-1α, TNF-α as and C1q which induce neurotoxic responses of astrocytes.


The essential role of microglia in the pathogenesis of motor neuron injury was also demonstrated in PU.1 knockout mice (PU.1−/−) which lack macrophages, neutrophils, T and B cells, and microglia (Beers et al., 2006). Upon bone marrow transplantation from mSOD1 mice, expression of mSOD1 within the CNS microglia was observed in PU.1−/− mice without clear signs of motor neuron injury or damage in ALS while bone marrow transplantation from healthy mice led to a reduction in motoneurons. In this study, the authors point out the extraordinary complexity of microglia by simultaneously expressing both neuroprotective and neurotoxic factors in ALS mice (Chiu et al., 2013).

Microglia exhibit characteristics of immature myeloid cells and undergo specific changes, such as morphological modifications and an activation of their functions, in response to signals from the environment or injury. Thus, they become mature myeloid cells that may present antigens and secrete cytokines and growth factors. Additionally, microglial cells can produce reactive oxygen species (Cardona et al., 2006). The CX3CR1 fractalkine receptor has been shown to play a role in microglial neurotoxicity in the SOD1G93A model of ALS. As the ligand CX3CL1 is expressed in neurons and the receptor CX3CR1 is expressed in microglia, it is possible to talk about signal transduction from neurons to microglia via the fractalkine receptor (Harrison et al., 1998). Future research should focus on the interactions of CX3CL1 and CX3CR1 to clarify the signal transduction mechanism between neurons and microglia, especially regarding the oxidative stress caused by microglial cells, considering that ALS is also associated with oxidative stress.

In addition to the traditional M1/M2 phenotype, in response to brain injury, a distinctive subset of microglia that expresses CD11c, the dendritic cell marker is observed (Sato-Hashimoto et al., 2019). The first study classifying CD11c + cells in the CNS as microglia dates back to 2006, where the authors have observed CD11c + cell populations in an Alzheimer’s Disease (AD) mouse model identified as microglia (Butovsky et al., 2006). Interestingly, in a study performed on a mice ALS model, authors have discovered a distinct signature for these cells in the final stages of the disease in comparison to microglia from healthy brains where the microglia were reported to have CD11c expression (Chiu et al., 2013). In another study, authors have reported the presence of so-called “disease-associated microglia” (DAM) in an in vivo AD model which is characterized by the reduced expression of homeostatic genes (Keren-Shaul et al., 2017). DAM have been found in the surrounding of the Aβ plaques, indicating these cells take place in scavenging of extracellular aggregates and cellular debris. DAM were not only observed in AD but also in the spinal cord of the ALS model SOD1G93A mice. In ALS patients, a similar gene expression pattern was detected in the motor cortex, suggesting that DAM may be a general response to the protein accumulation in neurodegeneration. It is still unclear, though, whether these cells are a component of a neuroprotective glial response that is activated late during ALS to mitigate the disease, or if it is instead an excessively reactive response to neuronal death that ultimately contributes to amplifying the damage in the affected CNS regions (Cipollina et al., 2020). Recently, Takahashi revealed the presence of two microglia subgroups of spinal cord lesions in ALS that can be pathologically distinguished according to their TMEM119 expression (Takahashi, 2023). The TMEM119+ microglia group also exhibited expression of the microglial activation marker CD68 and endothelial activation, indicating the presence of inflammatory processes in ALS lesions, and the author have suggested that these cells may represent DAM-independent inflammatory neurodegeneration as DAM suppresses the expression of TMEM119.



2.3 Complement system

The complement system is a complex series of plasma proteins that work together to generate fragments of C3 and C5 proteins through a sequence of cleavage. Recent studies have identified the involvement of the classical pathway of the complement system in the development of amyotrophic lateral sclerosis (ALS), with increased levels of C1q and C4 components observed in the cerebrospinal fluid, CNS, serum, and skeletal muscles of ALS patients (Apostolski et al., 1991; Tsuboi and Yamada, 1994; Yamada et al., 1994; Sta et al., 2011; Bahia El Idrissi et al., 2016). Animal models of ALS have also confirmed the involvement of the upstream pathways of the complement system (Perrin et al., 2005; Ferraiuolo et al., 2007; Lobsiger et al., 2007). However, the role of the terminal component C5 must also be considered, as increased levels of factor C5a and terminal complement complex (C5b-9) have been reported in ALS patients (Mantovani et al., 2014).

Upregulation of C5aR1 signaling has been identified as a potential contributor to motor neuron death in ALS patients, with increased immunostaining for C5aR1 in motor neurons of ALS patients (Bahia El Idrissi et al., 2016). Furthermore, biopsy samples from ALS patients have detected the presence of C59a, a major regulator of the membrane attack complex (Bahia El Idrissi et al., 2016). Despite these findings, further studies are required to fully understand the complex involvement of the complement system in the pathogenesis of ALS, particularly regarding the lack of human studies on the upstream part of the complement system and the C3 component.



2.4 Natural killer cells

Natural killer cells (NK cells) represent the most abundant subset of innate lymphoid cells, and they take part in anti-tumor and anti-viral defense. NK cell function is regulated by a balance between signals from activating and inhibitory receptors. Unlike cytotoxic CD8+ T cells, NK cells do not require prior antigen exposure for an anti-tumor response (Abel et al., 2018). NK cells participate in both innate and adaptive immunity. Thus, NK cells infiltrating the CNS regulate neuroinflammatory processes in neurodegenerative diseases (Infante-Duarte et al., 2005; Poli et al., 2013; Hertwig et al., 2016). NK cells are very important given the fact that motoneurons are sensitive to NK cells during ALS (Song et al., 2016).

NK cells are reported during end-stage disease in the spinal cord of mSOD1 mice (Beers et al., 2008). In addition, an increased number of NK cells was observed in the blood of ALS patients (Beers et al., 2017). Motoneuron degeneration in ALS is associated with dysregulated neuroinflammatory microcirculation (Barbeito et al., 2010; Thonhoff et al., 2018a,b) or microglial activation, which impairs axonal regeneration (Nardo et al., 2016; Spiller et al., 2018). When considering these findings, the degeneration of motor neurons may stem from direct cell-to-cell contacts with NK cells, which release perforin and granzyme B, exerting a direct neurotoxic effect on motor neurons, as well as highlighting the role of innate immunity in neurodegeneration associated with ALS (Garofalo et al., 2020).

The presence of NK cells in the motor cortex and spinal cord of post-mortem samples of ALS patients, as well as the presence of NKG2D ligands expressed on motoneurons, has been previously reported (Garofalo et al., 2020). In this study, it has been demonstrated that NK cells are neurotoxic to motor neurons that express NKG2D ligands in an animal model of ALS. In the mouse model of fALS, it has been shown that NK cells localize in the motor cortex and spinal cord, where the reduction in the number of NK cells leads to attenuation of motoneuron degeneration; the latter was also confirmed on hSOD1G93A and TDP43A315T rodent models (Garofalo et al., 2020). NK cells also secrete the pro-inflammatory IFN-γ, which promotes polarization towards the M1 phenotype of microglia. Increased levels of IFN-γ were detected in hSOD1G93A mice compared to WT (Garofalo et al., 2020). In this study, patients with sALS were investigated in terms of the presence of NK cells as well as the frequency of their subtypes. NKp46+ cells were detected in the motor cortex and spinal cord of ALS individuals, in contrast to control subjects. A reduction of circulating CD56+/CD3− cells was also observed in the peripheral blood of sALS patients. The fractalkine receptor CX3CR1 plays an important role in the migration of NK cells in the CNS (Garofalo et al., 2020) as a member of the NKp protein family (Moretta et al., 2000); CXCR3+ expression was shown to be correlated with ALS progression (Murdock et al., 2021a).

Interestingly, NK cells contribute to ALS progression in a sex and age dependent manner. In SOD1G93A mice, NK depletion extended survival in female but not male mice (Murdock et al., 2021a). Moreover, male mice had higher levels of microglia in the CNS which was decreased upon NK depletion. In ALS subjects, a correlation between NKG2D or NKp46 and ALSFRS-R was reported in older patients while a correlation between NKp30 and ALSFRS-R was observed in women, suggesting age and gender specific activation patters of NK cells. Although these data suggest immune responses may be based on sex and age affect the progression of ALS, the underlying mechanisms causing these variations remain unknown. Nevertheless, numerous reports also imply that hormones can directly affect immune responses, including NK cells, and since plasma levels of testosterone and estrogen differ between men and women and change with age or the onset of menopause, sex hormones are the most likely cause of the observed alterations (Murdock et al., 2021a).



2.5 NKT cells

NKT cells are a subset of T cells that can recognize and respond to glycolipid antigens presented by CD1d molecules (Kawano et al., 1997). These cells are primarily found in the liver and are known for their role in regulating immune responses. In neuroinflammation, NKT cells are believed to play a crucial role due to the high lipid content in the CNS (Halder et al., 2007). Research has shown that the numbers of NKT cells are altered in several autoimmune diseases (van der Vliet et al., 2001; Hammond and Kronenberg, 2003; Grajewski et al., 2008). However, the exact role of NKT cells in other neurodegenerative diseases is still not well understood. Rentzos and colleagues have revealed that NKT levels are increased in peripheral blood of ALS patients (Rentzos et al., 2012). In an in vivo ALS model, mSOD1 mice, it was shown that the number of NKT cells was increased in the CNS as well as in lymphoid organs (Finkelstein et al., 2011). In this study, administration of α-galactosyl ceramide analogue PBS57 prolonged the survival of mSOD1 mice and alleviated the disease. The lipid antigen PBS57 also decreased the number of NKT cells in addition to hampering their responses. These findings indicate that targeting NKT cells may be a novel aspect in ALS treatment (Finkelstein et al., 2011). However, it should be noted that the therapeutic effect of NKT cell inhibition in ALS is not confirmed with clinical studies yet. Further research is needed to determine the potential of NKT cell-targeted therapies in the treatment of neurodegenerative diseases.



2.6 Neutrophils

Neutrophils are the most abundant population of leukocytes and play a role in inflammation as well as various autoimmune and inflammatory diseases (Németh et al., 2020). The role of neutrophils in ALS pathogenesis is reported to be controversial: some studies suggest that neutrophils have predominantly pro-inflammatory roles in disease pathogenesis and lead to disruption of the blood brain/spinal cord barrier (Weiss, 1989; Garbuzova-Davis and Sanberg, 2014), while other studies suggest that these cells play a role in neuroprotection and in repairing damaged neurons (Butterfield et al., 2006; Kim and Moalem-Taylor, 2011; Kurimoto et al., 2013). However, there are certain studies addressing that neutrophil to monocyte or lymphocyte ratios may serve as potential biomarkers in ALS.

Various studies indicate an increase in neutrophil percentages in ALS (Desport et al., 2001; Banerjee et al., 2008; Keizman et al., 2009; Chiò et al., 2014; Murdock et al., 2016). As the disease progresses, the ratio of neutrophils to monocytes was found to increase significantly, suggesting that this ratio might be considered as a predictor of the disease course (Murdock et al., 2016). In a more recent study, Leone et al. (2022) investigated the relationship between neutrophil-to-lymphocyte ratio (NLR) and ALS progression rate as well as survival and concluded that NLR may serve as a low cost, fast, and easy biomarker for assessing the disease course. It was suggested that prospective studies are required to elucidate the changes in NLR during the disease progression prior to proposing it as a biomarker in monitoring ALS. Noteworthy, in this study, the patients were not classified according to the genetic background of the disease. Wei et al. (2022) investigated the correlation between NLR and ALS progression in sALS patients by assigning the patients into three groups according to their NLR values and revealed that patients with high NLR had lower ALSFRS-R scores, faster disease progression rates, and older disease onset age. In line with the study published by Leone et al. (2022), these results also confirm that NLR may aid in predicting the disease progression and survival in sALS patients.

In terms of surface proteins expressed on neutrophils, Murdock et al. (2016) reported that the percentage as well as the number of CD16− monocytes along with CCR3 and CCRL2 were decreased in ALS patients, however these findings did not correlate with the ALSFRS-R score. Another cell surface receptor that plays role in neutrophil chemotaxis and neuroinflammatory responses is CXCR2, which was previously found to be overexpressed in a specific subset of ALS patients as well as SOD1G93A mice at symptomatic stages (Aronica et al., 2015; Morello et al., 2017). Neutrophils may also affect other immune cell populations’ responses as well: cathepsin G and elastase released by these cells can promote NK cell cytotoxicity (Costantini and Cassatella, 2011). Similar to NK cells, neutrophils also have a sex-specific effect on disease survival, and the crosstalk between these two components of innate immune system can affect disease progression (Murdock et al., 2021b).



2.7 Mast cells

Being a cellular component of the innate immune system, mast cells are differentiated from hematopoietic myeloid precursors, and are found in all vascularized tissues including brain (Kovacs et al., 2021). Precursors of these cells are recruited to the tissues through a trans-endothelial passage and maturate in the local tissue microenvironment. Mast cells are one of the first cells to be activated in response to tissue damage, releasing mediators and enzymes (Abonia et al., 2005; Wernersson and Pejler, 2014). Mast cells can release cytokines, chemokines, leukotrienes, proteases, as well as bioactive polyamines, and play many important roles in pathogen clearance, allergic reactions, and intestinal cancer (Shea-Donohue et al., 2010).

Trias and coworkers revealed significant infiltration of neutrophils and degranulating mast cells in the skeletal muscles of ALS patients (Trias et al., 2018). These cells can interact with each other, muscle fibers, and motor plates, implying coordinated neuroinflammation that is associated with neuromuscular synapse denervation and muscular atrophy. Also, these cells are highly localized around neuromuscular junctions and along degenerating axons of ventral roots and sciatic nerves (Trias et al., 2018). In ALS, mast cells can cross the blood-spinal cord barrier and release various mediators including neuropeptides, proteases, cytokines, and histamine upon degranulation, leading to local neuroinflammation and dysregulated neuronal function (Jones et al., 2019).

In human ALS subjects, the number of mast cells are reported to increase in the quadriceps muscles. Furthermore, the positive correlation between the number of mast cells and neutrophils suggests that these cells act in a very complex and coordinated manner. Mast cells are recruited in response to motor neuron injury, while on the other hand, they can trigger the recruitment of neutrophils (Chen et al., 2001; Wezel et al., 2015). In patients, the density and size of mast cells are reported to be significantly greater compared to controls. Moreover, in ALS, mast cells are reported to localize near muscle fibers while in healthy controls, they are observed around blood vessels (perivascular localization).

Degranulation of mast cells in the muscles of ALS patients indicates multiple responses at the local level mediated by the release of cytokines, proteases, trophic factors, and vasoactive mediators (Krystel-Whittemore et al., 2015). In healthy individuals, mast cells take part in muscle repair. They also initiate damage to muscle fibers and motor plates, causing fibrosis and collagen deposition either directly or indirectly (Levi-Schaffer et al., 2002; Lee and Kalluri, 2010). Mast cells and neutrophils also invade the area of the endoneurium of the sciatic nerve up to the ventral roots (Trias et al., 2017). Chymase released by mast cells is a well-known chemoattractant cytokine for neutrophils that underlies the association between these two cell types (He and Walls, 1998; Tani et al., 2000). In addition to the mentioned factors, mast cells can release very different vasoactive and inflammatory mediators that exert harmful effects during the disease (Zhuang et al., 1996; Sprague and Khalil, 2009; Theoharides et al., 2012). Recently, it is reported that in both ALS patients as well as the murine models of the disease, clusters of mast cells expressing tyrosine kinase receptor c-Kit+ and other characteristic markers which lack the toluidine blue metachromasia are observed between motor neuron somas and nearby microvascular elements in the spinal cord (Jones et al., 2019). Moreover, expression of stem cell factor (SCF) is found to be overexpressed in the reactive astrocytes in ALS, which may act as a chemoattractant and lead to differentiation of mast cells. These findings suggest complex interactions between neurons, mast cells, and reactive microglia in disease pathology in addition to highlighting the potential usage of tyrosine kinase inhibitors in ALS.

The pathological significance of the recruitment of mast cells into the neuromuscular compartment remains unclear in ALS, although certain studies underline that chronic neuroinflammation could be a very important harmful factor (Chiu et al., 2009; Keizman et al., 2009; Martínez-Muriana et al., 2016). Overall, these studies reveal that mast cells and neutrophils are abundant along the peripheral motor pathway in ALS. Mast cells have harmful, cytotoxic effects for motor neurons, where they can be a pharmacological target of tyrosine kinase inhibitors, given that they express the c-Kit as mentioned above (Galli et al., 1993; Wernersson and Pejler, 2014; Jones et al., 2019). Pharmacological inhibition of mast cells with the drug masitinib reduces the level of motor deficit in rats, therefore implying the role of mast cells during disease progression and may be considered as an adjuvant therapy in ALS patients (Trias et al., 2017).



2.8 Astrocytes

Astrocytes are the most abundant type of glial cell in the central nervous system and are involved in many important functions, such as maintaining the blood–brain barrier, regulating neurotransmitter levels, and supporting neuronal function (Sofroniew and Vinters, 2010; Haidet-Phillips et al., 2011). In ALS, astrocytes were reported to undergo significant changes that contribute to the disease progression by producing excessive amounts of pro-inflammatory cytokines, leading to inflammation and damage to motor neurons (Philips and Robberecht, 2011). In addition to microglia, astrocytes are considered as one of the main contributors to the cell-autonomous mechanism in ALS (Stoklund Dittlau and Van Den Bosch, 2023).

Under normal conditions, astrocytes remove excess glutamate from the synaptic cleft via glutamate transporters. However, in in vivo ALS models as well as in ALS patients, the dysfunction of the glutamate transporter-2 (EAAT-2) leads to decreased uptake of glutamate from astrocytes, which in turn affects the function of motoneurons (Howland et al., 2002; Dunlop et al., 2003; Pardo et al., 2006; Papadeas et al., 2011). It has been shown that ALS astrocytes harbor mitochondrial dysfunction (Stoklund Dittlau and Van Den Bosch, 2023), can release inflammatory molecules and mediators such as leukotrienes, prostaglandins, nitric oxide (NO), and NAD(P)H-dependent oxidase NOX2 (Hensley et al., 2006; Marchetto et al., 2008; Haidet-Phillips et al., 2011), and can induce neuronal death by necroptosis (Re et al., 2014; Figure 3). Recent studies also reveal that exosomes released from mSOD1 astrocytes contain mutant SOD1 and have dysregulated miRNA profile that contributes to ALS pathology (Basso et al., 2013; Barbosa et al., 2021). Upregulated miR-155 was reported in ALS mice models in addition to fALS and sALS patients (Cunha et al., 2018). On the contrary, the decreased miR-494-3p release of C9ORF72 astrocytes led to neuronal network damage (Varcianna et al., 2019). Dying neurons also release certain miRNAs including miR-218 that downregulates glutamate transporter-1 that supports reactive astrocytes (Hoye et al., 2018).
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FIGURE 3
 Even though ALS is considered as motor neuron disease, not only neurons but glial cells including astrocytes also play a role in the non-cell autonomous disease pathology (Stoklund Dittlau and Van Den Bosch, 2023). Under physiological conditions, astrocytes are involved in the modulation of neuronal synapse plasticity; ion and metabolic homeostasis; cellular communication; supporting blood–brain barrier and providing structural support. In healthy tissues, non-activated astrocytes remain immobile and support neuronal homeostasis while upon damage, they activate and initiate an immune response to fight against the harmful agents together with microglia. In neurodegenerative diseases including ALS, an abnormal astrocyte reactivity that contributes to neuronal death is observed. Being the most abundant excitatory neurotransmitter in the nervous system, glutamate is found at high concentrations in pre-synaptic nerve terminals where it binds to receptors such as α-amino-3-hydroxy-5-methy-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors. Since high levels of glutamate may lead to a lethal increase in intracellular calcium astrocytes play a protective role in glutamate clearance from the synaptic cleft via excitatory amino acid transporters (EAATs). Among five EAATs identified, EAAT-1 and EAAT-2 are primarily expressed on astrocytes (Ng and Ng, 2022). Dysregulation of the human counterpart of GLT1, EAAT-2 (Rimmele and Rosenberg, 2016) expression has been shown to be altered in ALS and reported to contribute increased glutamate levels in the cerebrospinal fluid of ALS patients. Moreover, astrocytes produce inflammatory mediators that contribute to neuronal death (Stoklund Dittlau and Van Den Bosch, 2023). Mitochondrial dysfunction in astrocytes also promote neuronal death in ALS (Zhao et al., 2022).


Astrocytes have also been shown to support the survival and function of motoneurons as they release neurotrophic factors such as BDNF and ciliary neurotrophic factor (CNTF); in addition, these cells can provide energy substrates which are critical for normal neuronal functions (Moore et al., 2011; Allen and Lyons, 2018). However, Vargas and Johnson (2010) reported that while neurotrophic factors in mice slow the progression of ALS, they fail to provide neuroprotection in humans.

Besides their interactions with neurons, astrocytes can also modulate microglial responses as in the early stages of ALS as in the early stages of the disease, Nuclear factor kappa B (NF-κB) activation in astrocytes reside in the spinal cord can promote anti-inflammatory microglial activity while in later stages of the disease, prolonged activation of this pathway aggravates immune responses that results in pro-inflammatory microglial responses (Ouali Alami et al., 2018). According to our current knowledge, it is clear that astrocytes play important roles in ALS, although the sequence of events that lead to astrocyte dysfunction is still not fully elucidated (Liu and Wang, 2017).

In conclusion, astrocytes play a critical role in the pathogenesis of ALS. Dysfunctional astrocytes can contribute to inflammation, glutamate toxicity, and the formation of protein aggregates, all of which are key features of the disease. Further research on the role of astrocytes in ALS may lead to the development of new therapeutic approaches for this devastating disorder (Peric et al., 2017).



2.9 Microbiome

The microbiome is a collection of microorganisms that live within and on the human body and play an important role in human health. Recent studies suggest that alterations in the gut microbiome may be involved in the pathogenesis of several neurological diseases. A growing body of evidence suggests that dysbiosis, or an imbalance of the gut microbiome, may contribute to the development and progression of ALS.

Recently, Blacher and coworkers reported that ALS-prone Sod1 transgenic mice had alterations in their gut microbiome compared to healthy mice (Blacher et al., 2019). Wu et al. (2015) reported disrupted intestinal intercellular junction in SOD1G93A mouse model in addition to a decrease in butyrate-producing bacteria prior to the symptomatic stage. Zeng et al. (2020) reported alteration in the composition of the gut microbiota in addition to the metabolic products in ALS patients. However, in another study by Brenner and coworkers, it was found that ALS patients do not have a significantly different microbiome in terms of diversity and quantity compared to healthy controls, indicating the requirement of further research in order to reveal the connection between microbiome and ALS (Brenner et al., 2018).

The mechanisms by which the gut microbiome may contribute to ALS pathogenesis are not fully understood, but there is evidence that alterations in the gut microbiome may lead to increased gut permeability and the release of microbial toxins, which can trigger immune responses and inflammation that could contribute to the degeneration of motor neurons (Martin et al., 2022). In summary, there is emerging evidence suggesting that alterations in the gut microbiome may play a role in the pathogenesis of ALS. Further research is needed to fully understand the mechanisms underlying this relationship and to explore the potential for microbiome-targeted therapies for ALS.




3 The role of adaptive immunity in ALS


3.1 CD4+ T cells

CD4 T cells, also known as helper T cells, play a crucial role in orchestrating and regulating the immune response in ALS. These cells show several subsets with distinct functions: Th1, Th2, Th17 cells, and regulatory T cells. Th1 and Th17 subsets show evident pro-inflammatory characteristics releasing IL-6, IL-17, IL-21, IL-22, IL-23, IFN-γ, and TNF-α, while Th2 and regulatory T cells (Tregs) show anti-inflammatory characteristics releasing IL-4, IL-10, and TGF-β (Motataianu et al., 2020).

In comparison with the healthy controls, ALS patients were reported to have increased levels of activated CD4+ T cells in CSF, which have an essential role in the early stage of the disease (Henkel et al., 2006; Beers et al., 2008; Chiu et al., 2008) (Rolfes et al., 2021). However, as the disease progresses, Th1 cells begin to exert their harmful effects, and elimination of these cells has been suggested as an effective approach for extending survival (Shao et al., 2013). In addition, the increase in Th1 cells is accompanied by a decrease in Th2 cells (Jin et al., 2020).

CD4+ T cells were observed at the sites of motoneuron injuries in mSOD1 transgenic mouse models and reported to promote neuroprotection and slow down the course of the disease (Motataianu et al., 2020). Role of T cells were also investigated by crossing mSOD1 mice with RAG2−/− mice, which are characterized by a lack of T and B cells, and it was observed that CD4+ T cells contribute to prolonging survival (Beers et al., 2008). However, the situation is more complicated, considering that CD4+ T cells with neurotoxic (Th1, Th17) and neuroprotective (Th2, Treg) phenotypes (Tiemessen et al., 2007; Beers et al., 2011) enter direct interaction and communication with microglia cells and macrophages. Accordingly, during the early stage of the disease, the anti-inflammatory cytokines released by Th2 cells in addition to Tregs, IL-4 and IL-10 were increased (Tiemessen et al., 2007; Beers et al., 2011). Th2 cells also release neurotrophic factors such as TGF-β, BDNF, and GDNF, which are inversely correlated with the course of the disease (Motataianu et al., 2020). During this phase, regulatory T cells contribute to neuroprotection by interacting with microglia; however, as the disease progresses, the neuroprotective Tregs-M2 phenotype changes to the Th1-M1 neurotoxic one, whereby Th1 cells release the pro-inflammatory cytokine IFN-γ (Chiu et al., 2008). Microglia and Th1 cells can secrete TNF-α, inhibiting regulatory T cells’ function through their transcription factor FOXP3 (Nie et al., 2013).

Previously, it has been shown that peripheral T cell counts are increased in a time-dependent manner in ALS (Murdock et al., 2017) and pro-inflammatory T cell populations are more prominent (Jin et al., 2020). The decrease in the CD4+ T cell levels, on the other hand, is in correlation with ALS progression and it was suggested that the reduced T cell amount may represent the decreased neuroprotection during ALS progression (Murdock et al., 2017). Previously, Rofles et al. reported elevated levels of CD4+ T cells in CSF (Rolfes et al., 2021). On the other hand, decreased relative numbers CD3+ caused by the net decreased by CD4+ cell number was reported in the peripheral blood of ALS patients compared to healthy controls (Ramachandran et al., 2023). Another study reported that while Th2-differentiated CD4+ central memory T cells were negatively associated with the risk of death in ALS patients, CD4+ effector memory re-expressing CD45RA T cells were positively correlated with risk of death (Cui et al., 2022).

Th17 cells play an important role in autoimmune diseases, and the role of these cells in ALS is becoming increasingly recognized. Investigating immune profiles of ALS patients, Jin and coworkers reported that T cell subtypes in peripheral blood shift towards Th17 in addition to Th1 phenotypes (Jin et al., 2020). Moreover, a moderate negative correlation between Th17 cells and ALSFRS-R was detected. The levels of IL-17 and IL-23 in CSF and serum have been found to be significantly increased in ALS patients compared to patients with non-inflammatory neurodegenerative diseases (Rentzos et al., 2010). Although the levels of these cytokines did not correlate with the progression of the disease, they are considered markers of inflammation and may be involved in the pathogenesis of ALS in humans. The increase in the cytokine IL-17 may reflect the activation of Th17 cells, suggesting that these cells may play a significant role in ALS pathogenesis. Moreover, in a recent study, it is revealed that motor neurons express IL17 receptors, and IL-17 can directly exert cytotoxicity on these cells which can be rescued by IL17 neutralization or anti-IL17RA treatment (Jin et al., 2021). It should be noted that measuring cytokine levels in the serum may have limitations, and it may not reflect the pathological processes occurring in the brain due to the short half-life of cytokines and their binding to the molecules in the bloodstream. Therefore, further research is needed to fully understand the role of Th17 cells and cytokines in the pathogenesis of ALS.



3.2 CD8+ T cells

CD8+ T cells, also known as cytotoxic or cytolytic T cells, are a crucial component of the adaptive immune system, and their role in the pathogenesis of ALS is an area of active research. In ALS, CD8+ T cells are thought to be involved in the direct killing of motor neurons through the MHC class I complex, as well as by secreting granzymes and perforins. Studies have found that the number of CD8+ T cells increases as ALS progresses, and these cells produce IFN-γ, which affects CD8+ T cells’ survival and the killing of motoneurons (Andjus et al., 2009; Bataveljic et al., 2014; Coque et al., 2019). According to Coque et al. (2019) interaction between motor neurons and CD8+ T cells rely on the association between self-antigens and MHC class I molecules, though these autoantigens are still under investigation, and recent data suggest a clonal expansion of CD8+ T cells against an unknown antigen in fALS cases bearing mutation in the SETX gene. Conversely, CD8+ T cells expressing HLA-DR were reported to be increased in the blood and CSF of patients with sALS. Thus, it has been proposed that an ALS-associated antigen may initiate T-cell mediated autoimmune processes (Rodrigues Lima-Junior et al., 2021). In this context, Ramachandran et al. (2023) investigated reactivity of CD8+ T cells of ALS patients and their healthy counterparts against ten TDP43-derived peptides, However, the authors revealed that TFP43 is a weak autoantigen, and the investigations aiming to elucidate the autoantigens continues.

In a study published by Kaur et al. (2022), CD8+ T cells of ALS patients had increased CD28 and CCR7 expression in contrast to decreased IFN-γ receptor, which may be due to the constitutive IFN-γ expression. Promoting not only activation of the immune cells but also regulating the survival and function of NK and CD8+ T cells, absence or decrease in IFN-γ receptors on CD8+ T cells is an important finding which may lead to aforementioned increase in their lifespan and cytotoxic capacity to kill motoneurons.

CD8+ T cells were previously observed in the spinal cord of both ALS patients in addition to ALS SOD1G93A mouse models, and an in vivo study revealed that these cells infiltrate CNS at the symptomatic stage where selective ablation of CD8+ T cells in mice decreased spinal motoneuron loss (Ramachandran et al., 2023). Rolfes et al. (2021) reported an increase in CD8+ T cell frequencies expressing HLA-DR in peripheral blood and CSF in comparison with the control group. In this study, authors also underlined that T cell activation observed in the periphery coincided with increased intrathecal T-cell activation, suggesting that CD8+ T cells may contribute to blood/CSF-barrier dysfunction.

Although there is still not enough detailed data on the role and molecular mechanisms of CD8+ T cells in ALS, future studies should aim to elucidate these mechanisms and discover potentially new immunological mechanisms of CD8+ T cells in the etiopathogenesis of ALS, including their interactions with CD4+ T cells and cells of innate immunity. Understanding the role of CD8+ T cells in ALS could provide new therapeutic targets for treating this devastating disease.



3.3 T regulatory cells

T regulatory cells (Tregs) are a subpopulation of T cells that play a crucial role in maintaining immune homeostasis and self-tolerance. They regulate the activity of other immune cells, such as T helper cells and cytotoxic T cells, by suppressing their activation and proliferation (Sakaguchi et al., 2010). Clinical studies on the potential neuroprotective function of T cells have revealed evidence of the protective function of CD4 + FOXP3+ regulatory Tregs, with the quantity of Treg cells in the blood of ALS patients negatively correlated with the rate of disease progression (Henkel et al., 2013; Rolfes et al., 2021). Compared to healthy controls, Tregs increase at early, slowly progressing stages of ALS, and then their numbers as well as their immunosuppressive functions decline (Beers et al., 2017). According to Henkel and colleagues, Treg numbers along with their FOXP3 protein expression were reduced in patients with rapidly progressing ALS (Henkel et al., 2006). In addition, authors have reported a reduction of the FoxP3 protein in post-mortem spinal cord of ALS patients with rapid progression, a GATA3 increase in patients with slower progression, suggesting that the decline in FOXP3 levels may be used as a marker for rapid progression. The reduction in Treg cell number and function, along with the pro-inflammatory phenotype, contributes to the aberrant immune response and neuroinflammation observed in ALS. In a recent study, high proportion of activated Tregs in the peripheral blood of ALS patients were shown to be linked with better survival (Yazdani et al., 2022).

Even though these data underline the crucial role for Treg cells in ALS pathogenesis, the therapeutic potential of Treg cells in ALS highlights the need for further research in this area as clinical trials targeting these cells in ALS is still rare. In a phase 2 randomized trial, low-dose IL-2 has been reported to increase the percentage of Tregs (Camu et al., 2020). In another study, it was discovered that the infusion of expanded autologous Tregs revealed enhanced suppressive activity and slowed the disease progression (Thonhoff et al., 2018a,b). Further studies, on the other hand, are still needed in order to develop more effective cellular therapies including administration of Tregs in ALS.



3.4 The role of humoral immunity –antibodies in ALS

ALS patients are reported to have increased serum autoantibody levels compared to healthy controls (Provinciali et al., 1988). One study indicated increased levels of IgG and IgM, where the severity of the disease is correlated with higher antibody levels (May et al., 2014). Additionally, ALS patients with longer survival were reported to have IgM antibodies against modified, oxidized SOD1 protein compared to human control subjects (van Blitterswijk et al., 2011). Bataveljic et al. (2014) reviewed the humoral immunological markers, such as circulating immune complexes (CICs) and immunoglobulins. Saleh et al. (2009) assessed the humoral immune response during disease progression over 6 months, finding increased levels of CICs and IgG in the sera of ALS patients at the initial stage of the disease. After 6 months, in the same group of ALS patients, CICs were reduced to control levels, whereas IgG was increased compared to those in human control subjects. The presence of CICs is emphasized in various studies (Tavolato et al., 1975; Oldstone et al., 1976; Bartfeld et al., 1982).

Interestingly, the literature data differ concerning the levels of IgG in the sera of ALS patients. Some data suggest elevated IgG levels and normal IgM levels (Provinciali et al., 1988; Apostolski et al., 1991; Duarte et al., 1991; Saleh et al., 2009), while others do not detect any alterations in Ig levels (Bartfeld et al., 1982) or even detect a decrease in immunoglobulin levels (Zhang et al., 2005). Discrepant results could be due to different criteria for selecting ALS patients with different stages of the disease. Even in a study by Apostolski et al. (1991), it was shown that there is a significantly higher titer of IgG in the sera and CSF of patients with ALS (this study also showed a significantly increased mean value of the C4 component of the complement, as well as a significantly reduced value of THC – the total hemolytic titer complement). The results regarding the studies investigating the involvement of humoral immunity in ALS are rather inconsistent: in one study, no differences were found between the levels of IgG, IgM, IgA, in addition to the complement component C3 in ALS patients and controls (Bartfeld et al., 1982), whereas in another study, elevated mean serum IgG values were observed in a small group of ALS patients (Tavolato et al., 1975). Yet another study indicated increased levels of IgA and IgE in the sera of ALS subjects (Appel et al., 1986).

Numerous autoantibodies have been observed in ALS patients, such as antibodies against ganglioside GM1 (van Schaik et al., 1995) which localize near the nodes of Ranvier, and it is suggested that they are patient-specific for ALS patients with affected lower motor neurons (Pestronk et al., 1988). One study showed that the most frequently increased levels of anti-AGM1-gangliosides are in the sera of up to 1/3 of patients with ALS, whereas in the cerebrospinal fluid, the frequency of anti-GM1-gangliosides is higher compared to anti-AGM1-gangliosides and anti-sulfatides (Niebroj-Dobosz et al., 1999). This study revealed that ALS and other neurodegenerative diseases, as well as various forms of neuropathies such as non-sensory neuropathy, have a high concentration of anti-sulfatide antibodies. Additionally, in rare cases of ALS patients, elevated levels of antibodies against acetylcholine receptors were found (Mehanna et al., 2012). Autoantibodies targeting calcium channels (La Bella et al., 1997) and the Fas protein were also observed (Yi et al., 2000; Sengun and Appel, 2003), in addition to the antibodies against Low-Density Lipoprotein Receptor-Related Protein 4, which is essential for the development and function of the neuromuscular synapse (Tzartos et al., 2014). The Fas molecule, or CD95, is a membrane receptor that belongs to the TNF family and has a primary role in the transduction of programmed cell death (apoptosis) signals. It is highly represented in tissues and organs such as thymocytes, hepatocytes, kidneys, and the heart (Sengun and Appel, 2003).

Previously, it was reported that 25% of patients with sporadic ALS and 22% of patients with familial ALS had extremely high levels of anti-Fas antibodies. These high levels were observed not only in ALS but also in other neurodegenerative diseases. However, no relationship between anti-Fas antibody levels and disease duration or stage was found in ALS (Sengun and Appel, 2003). Another study has reported elevated levels of autoantibodies against neuronal cytoskeleton proteins (especially neurofilaments) in ALS patients, particularly during the later stages of the disease. Antibodies against light (NF-L) and heavy chain (NF-H) were found to be good surrogate markers of treatment response (Lu et al., 2011, 2012). However, anti-NF-L Abs were also elevated in other neuroinflammatory and neurodegenerative diseases such as multiple sclerosis (Fialová et al., 2009, 2012). The uniform distribution of antibodies to axonal cytoskeletal antigens in various biological fluids was shown to be a promising platform for discovering new biomarkers and developing immunomodulatory therapies not only for ALS but various neurological diseases (Fialová et al., 2009).

Immunoglobulins can induce pathophysiological processes at a nerve-muscle synapse by passive transfer, thus they can induce immune-mediated mechanisms in ALS pathogenesis (Bataveljić et al., 2011). When rodents were treated with IgG from ALS patients, the treatment led to an increase in intracellular calcium concentration, degenerative structural changes, and the induction of plasticity in nerve-muscular synapses (Uchitel et al., 1988; Engelhardt et al., 1995; Fratantoni et al., 2000; Pullen and Humphreys, 2000; Pullen et al., 2004; Pagani et al., 2006). The ALS IgGs have proven to suppress KCl-induced Ca2+ transients via selectively action on P/Q-type calcium channels in vitro (Andjus et al., 1996) in addition to exerting indirect effects (via phospholipase C) on N-type calcium channels (Pagani et al., 2006). Moreover, ALS IgGs can promote vesicle mobility and alter cytosolic Ca2+ homeostasis in cultured rat astrocytes (Stenovec et al., 2011; Milošević et al., 2013), induce glutamate release from primary rat hippocampal neurons (Andjus et al., 1997) and enhance oxidative stress while inducing antioxidant responses in a rat microglial cell line (Milošević et al., 2017).

Intravenous immunoglobulin G (IVIg) has been investigated as a potential treatment for ALS to its ability to modulate the immune response and its potential for protecting motor neurons from degeneration. Several clinical studies have been conducted to evaluate the safety and efficacy of IVIg in ALS patients. Both Meucci and coworkers and Dalakas and coauthors found that IVIg treatment had no therapeutic role on the symptoms related with ALS and did not slow the disease progression (Dalakas et al., 1994; Meucci et al., 1996). However, some clinicians still use IVIg in certain cases of ALS, particularly in patients with evidence of autoimmune dysregulation (Burrell et al., 2011). Further studies are needed to clarify the potential role of IVIg in the treatment of ALS.



3.5 Cytokines

Cytokines are small proteins, also known as humoral factors, secreted by cells that interact with other cells. Cytokines have three modes of action - autocrine (acting on themselves), paracrine (acting on nearby cells), and endocrine (acting over long distances) (Zhang and An, 2007). There are studies indicating the increase of both pro-inflammatory and anti-inflammatory cytokines in sera of in vivo ALS models as well as in ALS patients (Mitchell et al., 2009). In this context, the involvement of the cytokines IL-1ß, IL-6, IL-12, IL-15, IL-17, and IL-33 in ALS will be discussed.


3.5.1 Interleukin-1β and-18

Members of the IL-1 family, IL-1β, is synthesized in its inactive form and activated by caspase-1 in response to various “danger” signals which are recognized by cytosolic inflammasome complexes (Martinon et al., 2009). Inflammasomes are defined as multimeric protein complexes that orchestrate caspase-1-mediated inflammatory responses including maturation and secretion of inflammatory cytokines IL-1β and IL-18, and eventually inflammatory cell death, pyroptosis (de Zoete et al., 2014).

The presence of active caspase-1 in the spinal cord and cerebral spinal fluid of ALS patients and ALS models of mice have been recognized more than two decades ago, and in vivo studies have revealed that caspase-1 or IL-1β depletion or IL-1β inhibition resulted in prolonged survival without affecting disease onset (Iłzecka et al., 2001). This study also suggested the involvement of caspase-1 activation in ALS pathogenesis. Based on the results of preclinical studies (Meissner et al., 2010; de Zoete et al., 2014), Maier et al. investigated the safety and efficacy of IL-1β antagonist Anakinra (ANA) (Maier et al., 2015). Authors reported that ANA is well tolerated and can be considered safe in ALS patients. However, ANA administration failed to inhibit the disease progression in comparison with the control group as measured by the ALSFRSr, and in addition, 94% of the ANA group developed anti-ANA antibodies. On the other hand, Italiani and coauthors reported that IL-18 is the only cytokine from the IL-1 family that correlates with ALS and indicated that further investigations are required to define if upregulation of IL-18 in ALS is either a consequence, or one of the causes leading to the disease pathology (Italiani et al., 2014). Both IL-1β and IL-18 are the products of NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome complex activation. In fact, activation of NLRP3 inflammasome complex has been previously reported in both microglia obtained from mouse models of ALS as well as ALS patients’ brain tissue samples, and TDP43 has been shown to be activate microglial NLRP3 (Johann et al., 2015; Zhao et al., 2015; Kadhim et al., 2016). In a more recent study performed with monocyte-derived microglia-like cells obtained from ALS patients, the cells were reported to have abnormally aggregated TDP43 in the cytoplasm, which is accompanied by an increase in IL-18 levels along with IL-8, TNF-α and TGF-β (Quek et al., 2022). However, when considering the involvement of NLRP3 inflammasome activation in ALS (Deora et al., 2020), more studies focusing on IL-18 may provide better insights if blocking inflammasomes may be a beneficial strategy in ALS treatment.



3.5.2 Interleukin-6

IL-6 is one of the first cytokines which is found to be elevated in several neurodegenerative diseases including ALS (Sekizawa et al., 1998). Ehrhart et al. reported significant elevation of IL-6 levels in the blood samples in ALS patients; moreover, normalization of IL-6 along with IL-5 at the follow up was found to be associated with decreased IL-2 and increased IL-8 levels (Ehrhart et al., 2015), indicating that different humoral factors are involved in different inflammatory responses during the disease course. Similarly, Lu and coauthors reported an IL-6 increase in certain subgroups of ALS patients including male patients in contrast to females, patients with spinal onset, patients with slow progression, and patients receiving riluzole treatment (Lu et al., 2016). Interestingly, a correlation between IL-6 and the ALSFRS-R was reported in another study (Quek et al., 2022). On the other hand, a more recent study revealed that serum IL-6 levels are negatively correlated with ALSFRS-R in patients carrying IL6R358Ala variant (Wosiski-Kuhn et al., 2021).

Targeting IL-6 signaling has proposed as a therapeutic strategy in ALS: in a clinical trial, IL-6 receptor blocker tocilizumab (Actemra) was reported to decrease C-reactive protein (CRP) levels in plasma and CSF, in addition to being well tolerated and safe in ALS patients (Milligan et al., 2021). However, further studies are needed to conclude its benefits on the disease treatment.



3.5.3 Interleukin-12 and-15

IL-12 and IL-15 are pro-inflammatory cytokines that are increased in the serum and cerebrospinal fluid of ALS patients. However, it has not been demonstrated that these interleukins have a mutual dependence on the duration of the disease (Rentzos et al., 2010). IL-12 is a heterodimer synthesized by monocytes, macrophages, dendritic cells, and microglia in response to various immunological and infectious signals (Ma and Trinchieri, 2001). Its role is to stimulate the proliferation and differentiation of T cells and the production of pro-inflammatory cytokines such as IFN-γ and TNF-α (Li et al., 2003). Monocytes produce IL-15 similarly to IL-12, as do macrophages, dendritic cells, and glial cells (Grabstein et al., 1994; Doherty et al., 1996; Lee et al., 1996; Jonuleit et al., 1997). IL-15 promotes the proliferation of T cells, induces NK cells, cytotoxic cells, as well as cells of humoral immunity by inducing the maturation of B cells and the secretion of antibodies (Carson et al., 1994). These data suggest that IL-12 and IL-15, which act through the Th1 response, may be associated, and involved in the pathophysiological mechanisms of ALS (Rentzos et al., 2010).



3.5.4 Interleukin-17

According to literature, IL-17A regulates the responses of central nervous system resident cells, boosts the neuroinflammatory response, and contributes to the pathogenesis of neurodegenerative diseases. However, there is still debate and ambiguity surrounding the function of TH17/IL-17A in neurodegenerative diseases (Fu et al., 2022). IL-17 is produced by the Th17 cells and is implicated in various autoimmune and inflammatory diseases, and studies have shown that IL-17 may play a role in the pathogenesis of ALS. Along with IL-23, IL-17 levels were significantly increased in the serum and CSF samples of ALS patients, however the levels of the cytokines did correlate with the disease duration, disability scale or the subtype of the disease (Rentzos et al., 2010). Chen and coworkers indicated a significant association between ALS and IL17 levels (Carson et al., 1994). Fiala and coauthors reported IL17A+ cytotoxic T cells and mast cells in the spinal cords of ALS patients (Fiala et al., 2010). Regarding in vivo ALS models, IL-17A levels were found to be gradually increasing with age in SOD1G93A mice (Noh et al., 2014). More recently, Jin and coauthors reported the potential therapeutic benefits of anti-IL-17 treatment to alleviate neurodegeneration observed in ALS (Jin et al., 2021). Even though these findings suggest that IL-17 may be a potential therapeutic target for the treatment of ALS, currently there are no clinical data investigating the effect of targeting Th17 cells or IL17 in ALS.



3.5.5 Interleukin-33

IL-33 is a cytokine that functions as an alarmin, which is released from damaged tissue. This cytokine is one important cytokine responsible for the shift in T cell responses and stimulates innate type 2 immune cells to produce Th2 cytokines (Korhonen et al., 2019). IL-33 receptor, ST2, can exist in the membrane or soluble form. In a study evaluating the levels of IL-33 in addition to its soluble receptor revealed significantly reduced levels of IL-33 and elevated levels of sST2 in ALS patients (Lin et al., 2012). The reason for the reduced levels of IL-33 is that motor neurons in ALS die through programmed cell death of the apoptosis type, and IL-33 is degraded by the action of the executioners of apoptosis, i.e., by the action of caspases (Sathasivam et al., 2001). It is also known that the sST2 receptor can act as a positive or negative feedback regulator, suppressing or stimulating cytokine expression. Furthermore, one study suggested that the sST2 receptor acts as a degradation receptor by inhibiting IL-33-mediated signaling (Miller, 2011). However, the regulation of sST2 receptor levels has not been fully clarified (Lin et al., 2012).

In vitro studies have suggested that instead of directly acting on neurons and astrocytes, IL-33 regulates responses of peripheral T cells (Korhonen et al., 2019). In vivo, long-term recombinant IL-33 treatment delayed the disease onset on female mice in a transgenic mouse model of ALS expressing SOD1-G93A while male mice remained unresponsive. These findings indicate that strategies targeting to modulate the peripheral immune system may have therapeutic potential in ALS, and the effect of the gender should be considered when designing therapeutic strategies. It should be noted that further research is required to determine the ideal method for delivering IL-33 to the CNS in order to reduce inflammation without causing adverse effects in other organs since IL-33 is a potent cytokine (Sun et al., 2021).





4 Conclusion remarks and future perspectives

This review highlights the complex interplay between neuroimmunology and neuroinflammation in the pathogenesis of ALS, which is a devastating disease that currently has no effective cure. Several points were highlighted regarding innate immunity, including the limited information available on the monocyte’s role in ALS, the diversity of microglia as either neurotoxic or neuroprotective, the complex role of the complement system in ALS, and the contribution of NK cells, NKT cells, mast cells, neutrophils, and astrocytes. From the perspective of adaptive immunity, CD4+T cells were identified as early disease markers possessing a neuroprotective identity, while CD8+T cells were late disease markers with cytotoxic properties. The role of humoral immunity, specifically IgG and IgM, needs further clarification, and the contribution of autoantibodies to ALS neurodegeneration requires better understanding.

Our review suggests that a more comprehensive understanding of the neuroimmunology and neuroinflammatory aspects of ALS will pave the way for the development of new therapeutic strategies for this devastating disease. Moving forward, future research should focus on exploring the potential of NKT cell-targeted therapies, identifying potential biomarkers in ALS, clarifying the role of IVIg in treatment, and further investigating the impact of alterations in the gut microbiome on ALS pathogenesis. Additionally, expanding research to include more context on adaptive immunity, CD8+T cells, and autoantibodies may lead to a more complete understanding of the immune response in ALS and instate the development of new therapeutic approaches. Overall, continued research into neuroimmunology and neuroinflammation in ALS has the potential to improve patient outcomes and provide hope for those suffering from this devastating disease.
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Background: The causal associations between infections with human herpes viruses (HHVs) and amyotrophic lateral sclerosis (ALS) has been disputed. This study investigated the causal associations between herpes simplex virus (HSV), varicella-zoster virus (VZV), Epstein–Barr virus (EBV), cytomegalovirus (CMV), HHV-6, and HHV-7 infections and ALS through a bidirectional Mendelian randomization (MR) method.

Methods: The genome-wide association studies (GWAS) database were analyzed by inverse variance weighted (IVW), MR-Egger, weighted median, simple mode, and weighted mode methods. MR-Egger intercept test, MR-PRESSO test, Cochran’s Q test, funnel plots, and leaveone-out analysis were used to verify the validity and robustness of the MR results.

Results: In the forward MR analysis of the IVW, genetically predicted HSV infections [odds ratio (OR) = 0.9917; 95% confidence interval (CI): 0.9685–1.0154; p = 0.4886], HSV keratitis and keratoconjunctivitis (OR = 0.9897; 95% CI: 0.9739–1.0059; p = 0.2107), anogenital HSV infection (OR = 1.0062; 95% CI: 0.9826–1.0304; p = 0.6081), VZV IgG (OR = 1.0003; 95% CI: 0.9849–1.0160; p = 0.9659), EBV IgG (OR = 0.9509; 95% CI: 0.8879–1.0183; p = 0.1497), CMV (OR = 0.9481; 95% CI: 0.8680–1.0357; p = 0.2374), HHV-6 IgG (OR = 0.9884; 95% CI: 0.9486–1.0298; p = 0.5765) and HHV-7 IgG (OR = 0.9991; 95% CI: 0.9693–1.0299; p = 0.9557) were not causally associated with ALS. The reverse MR analysis of the IVW revealed comparable findings, indicating no link between HHVs infections and ALS. The reliability and validity of the findings were verified by the sensitivity analysis.

Conclusion: According to the MR study, there is no evidence of causal associations between genetically predicted HHVs (HSV, VZV, EBV, CMV, HHV-6, and HHV-7) and ALS.
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1 Introduction

Amyotrophic lateral sclerosis is a rapidly progressive and fatal neuronal disease characterized by progressive degeneration of motor neurons in the brain and spinal cord, ultimately leading to almost total skeletal muscle paralysis (van Es et al., 2017). Patients with ALS often present with progressive weakness and atrophy of the extremities, gradually leading to an inability to walk, talk, swallow, and breathe (Taylor et al., 2016). ALS is a rare disease with an incidence of 3.1 per 100,000 person-years (Vasta et al., 2022), with familial ALS (fALS) accounting for 10% of cases and sporadic ALS (sALS) accounting for 90% of cases (Pham et al., 2020) and the average survival after diagnosis is in the range of 3–5 years (Brown and Al-Chalabi, 2017). The number of ALS cases is expected to increase by 69% from 2015 to 2040 due to global aging (Arthur et al., 2016). However, little is known despite the time and money spent investigating ALS’s pathogenic mechanisms. ALS is believed to be caused by genetic and environmental interactions (Celeste and Miller, 2018; Schram et al., 2020; Julian et al., 2021; Motataianu et al., 2022; Goutman et al., 2023), with some investigators suggesting that viruses are an important environmental factor in ALS (Celeste and Miller, 2018; Castanedo-Vazquez et al., 2019).

Human herpes viruses are one of the largest families of double-stranded DNA viruses, comprising three main subfamilies: α, β, and γ-herpesviruses. α-herpesviruses include HSV-1, HSV-2, and VZV (HSV-3), β-herpesviruses include CMV (HHV-5), HHV-6, and HHV-7, and γ-herpesviruses include EBV (HHV-4) and HHV-8 (Sehrawat et al., 2018). Epidemiological data showed that billions of people were infected with HSV-1, and 500 million had HSV-1/HSV-2 genital infections in 2016 (James et al., 2020). A global disease burden on VZV reported that new cases surpassed 80 million in 2019 alone and continue to rise (Huang et al., 2022). More than 90% of adults worldwide are chronically infected with EBV (Huang et al., 2021). Moreover, the general population has a seropositivity rate of 83% for CMV IgG antibodies (Zuhair et al., 2019). Approximately 80–90% of adults worldwide have herpesviruses (Khalesi et al., 2023).

Studies have shown that enteroviruses and herpesviruses are the two most common viruses infecting hospitalized patients’ central nervous system (CNS) (Roshdy et al., 2023). The α/β/γ-herpesviruses are neurotoxic and neurotropic viruses and are often considered important risk factors for neurodegenerative disease (NDD) (Osorio et al., 2022). However, the relationship between HHVs and ALS is unknown. A study reported that herpesvirus infection and ALS can flare up simultaneously. Nevertheless, there is no way to determine if it is accidental or intentional (Ferri-de-Barros and Moreira, 2010). Some investigators have suggested that HSV-1 can latently infect the trigeminal ganglion and may be a causative factor in ALS (Feng et al., 2022). In addition, the pathogenic risk of ALS was slightly associated with HHV-6 seropositivity in a case–control study (Cermelli et al., 2003). In contrast, no significant correlation was found between ALS and IgG antibodies to HSV and CMV in an immunological evaluation of early ALS (Provinciali et al., 1988). These studies with conflicting conclusions may be due to methodological flaws, including confounders and reverse causality in observational studies. We have no method of determining the association, let alone the causality, between HHVs and ALS.

Random control trials (RCTs) are a type of experimental research methodology that evaluates the effect of a causative factor or a treatment regimen on a disease by randomizing study subjects into groups, implementing different interventions for different groups, and finally comparing the results. RCTs are the gold standard for clinical diagnosis and can determine the causal association between exposure and outcome. There are no reported RCTs on the association between HHVs and ALS, mainly due to the strict constraints of the design process and medical ethics and few reports of observational studies and their mixed conclusions, which makes it important to carry out MR analyses in this context. MR is an epidemiological investigation method based on instrumental variables (IVs) to analyze summary-level data from GWAS, which can greatly reduce confounding bias and consistently and reliably infer causality between exposures and outcomes due to the stochastic nature of the genetic variants and the fact that alleles are not affected by disease (Emdin et al., 2017). Two-sample Mendelian randomization (TSMR) refers to using genetic variants as IVs in both exposure and outcome samples to investigate the effects of modifiable risk factors for disease. Although lower than RCTs, the strength of evidence from MR analyses is stronger than observational studies (Davies et al., 2018). Particularly in rare diseases, MR can achieve more reliable results by analyzing and evaluating much larger sample sizes than in conventional clinical trials. Therefore, our study investigated whether there is a causal association between HHVs and ALS using a bidirectional TSMR method based on GWAS data.



2 Materials and methods


2.1 Study design

This study strengthened epidemiological observational studies using Mendelian randomization (STROBE-MR) (Skrivankova et al., 2021). All data were obtained from the publicly available GWAS database without re-ethical approval. In MR, SNPs as IVs must fulfill the following three assumptions. (1) The relevance assumption: IVs are closely related to exposure; (2) the independence assumption: the IVs are not associated with the potential confounders; (3) the exclusion restriction assumption: IVs affect outcomes only through the exposure pathway (no directional pleiotropy) (Supplementary Figure S1).



2.2 GWAS data sources

The summary-level statistics for all cases and controls in this study are of European ancestry, and the study subjects were residents recruited from multiple research centers in Europe to minimize bias due to race-related confounding factors. GWAS data for HHV-8 of suitable European ancestry could not be found and were therefore not analyzed.


2.2.1 Exposure

The exposure factors and the dataset for this study were as follows. HSV: the finn-b-AB1_HERPES_SIMPLEX (1,595 cases, 211,856 controls and 16,380,457 SNPs), finn-b-H7_HERPESKERATITIS (573 cases, 209,287 controls and 16,380,429 SNPs) and finn-b-AB1_ANOGENITAL_HERPES_SIMPLEX (10,118,743 SNPs) datasets were searched in the latest FinnGen.1 VZV IgG: The GCST90006928 (25,472,218 SNPs) dataset was searched in GWAS.2 EBV: the finn-b-AB1_EBV (1,238 cases, 213,666 controls, and 16,380,461 SNPs) dataset was searched for in FinnGen (r9). CMV IgG: The ieu-b-4900 (7,002,835 SNPs) dataset was searched in the Integrative Epidemiology Unit (IEU, https://gwas.mrcieu.ac.uk/). HHV-6 IgG: The GCST90006902 (25,472,218 SNPs) dataset was searched in the GWAS database. HHV-7 IgG: The GCST900069028 (25,472,218 SNPs) dataset was searched in the GWAS database.



2.2.2 Outcome

The ALS dataset for GCST90027164 (27,205 cases, 110,881 controls, and 10,461,755 SNPs) was searched in the GWAS database. After cleaning and conversion, we saved the data downloaded from the FinnGen database in GWAS database format. After comparing the sources of participants in the eight datasets for HHVs with the one dataset for ALS, we consider the samples for HHVs and ALS to be independent. We list these data in Supplementary Table S1.




2.3 Selection of instrumental variables

A critical step in MR analysis is to obtain valid IVs. We extracted SNPs (p < 5 × 10−5) with significant correlation with HSV, VZV, EBV, CMV, HHV-6, and HHV-7 from the eight exposure datasets. Subsequently, we performed linkage disequilibrium (LD) analysis on the obtained SNPs with “r 2 < 0.001, 10,000 = kb” by using the “clump_data” function to exclude the mutual linkage SNPs and to discard non-biallelic SNPs. We used the F-statistic to assess the strength of the association between the selected IVs and exposure. F-statistic is calculated as F = (β/se(β)) 2 (Zhang et al., 2023) when F > 10 indicates that IVs are strong instrumental variables, which avoids the bias caused by weak IVs. In addition, the summary set may produce errors if the effect alleles for the SNP effects are different in the GWAS data for exposure and outcome. Therefore, we used the “harmonise_data” function to test the causal direction of the screened SNPs in exposure and outcome, excluded palindromic alleles, and selected the SNPs with “TRUE” results for MR analysis.



2.4 TSMR analysis

The data in this study were analyzed based on the “TwoSampleMR” package of R version 4.2.3 software. Analyses included Forward MR with HHVs infection or IgG as the exposure and ALS as the outcome and reverse MR with ALS as the exposure and HHVs infection or IgG as the outcome. We chose MR Egger, weighted median, IVW, simple mode, and weighted mode methods to calculate the causal relationship between exposure and outcome, and IVW was the most valid and reliable of these methods. We then perform sensitivity analyses. Cochran’s Q-statistic was used to test for heterogeneity (p < 0.05) between SNPs in MR-Egger and IVW analyses to assess the robustness of IVs (Bowden et al., 2019). Heterogeneity was additionally visualized by constructing a funnel plot of the IVs. MR-PRESSO can detect outliers that may bias the results and give a causal change in exposure and outcome after removing the outlier (Verbanck et al., 2018). Therefore, when MR-PRESSO detects an outlier, we exclude the SNPs and re-perform the MR analysis and evaluation. Pleiotropy refers to the fact that some IVs affect outcomes through pathways other than exposure, which would seriously affect the reliability of the causal association between exposure and outcome (Davey Smith and Hemani, 2014). We used the MR-Egger intercept for bias detection and effect estimation. When the “MR_pleiotropy_test” function calculates p < 0.05, it means that there is directional pleiotropy (Bowden et al., 2015). Leave-one-out analysis estimates the effect of the remaining SNPs on the outcome by sequentially removing individual SNPs and then performing the IVW analysis again, which can determine whether any single SNPs drive causality.




3 Results


3.1 Screening of instrumental variables

In forward MR, we ended up with 69, 55, 56, 65, 6, 7, 5, and 6 SNPs that were closely associated with HSV infections, HSV keratitis and keratoconjunctivitis, anogenital HSV infection, VZV IgG, EBV, CMV IgG, HHV-6 IgG, and HHV-7 IgG, respectively. In reverse MR, 9, 9, 8, 10, 9, 8, 10, and 9 SNPs were obtained when ALS was used as the exposure corresponding to HSV infections, HSV keratitis and keratoconjunctivitis, anogenital HSV infection, VZV IgG, EBV, CMV IgG, HHV-6 IgG, HHV-7 IgG, respectively. These SNPs were all strong instrumental variables (F-statistic >10). A total of sixteen MR analyses were performed in this study, and details of the screened IVs can be found in Supplementary Tables S2–S17.



3.2 Forward MR

We list the TSMR and the sensitivity analysis results of HHVs and ALS in Table 1. Using IVW as the primary method, it can be seen that genetically predicted HSV infections (OR = 0.9917; 95% CI: 0.9685–1.0154; p = 0.4886), HSV keratitis and keratoconjunctivitis (OR = 0.9897; 95% CI: 0.9739–1.0059; p = 0.2107), anogenital HSV infection (OR = 1.0062; 95% CI: 0.9826–1.0304; p = 0.6081), VZV IgG (OR = 1.0003; 95% CI: 0.9849–1.0160; p = 0.9659), EBV IgG (OR = 0.9509; 95% CI: 0.8879–1.0183; p = 0.1497), CMV (OR = 0.9481; 95% CI: 0.8680–1.0357; p = 0.2374), HHV-6 IgG (OR = 0.9884; 95% CI: 0.9486–1.0298; p = 0.5765) and HHV-7 IgG (OR = 0.9991; 95% CI: 0.9693–1.0299; p = 0.9557) were not causally associated with ALS, which completely agrees with the conclusions reached by the four methods: MR-Egger, weighted median, simple mode, and weighted mode (Figure 1). Notably, 57 SNPs obtained from the dataset associated with anogenital HSV infection were tested by MR-PRESSO for p = 0.004. The p-value for MR-PRESSO is 0.0273 after excluding the outlier SNP (rs16832436), suggesting no remaining outlier SNPs. At this point, MR Egger’s P (Q-statistic) = 0.0410, and IVW’s P (Q-statistic) = 0.0283. However, the MR Egger intercept test (p = 0.1229) showed no directional pleiotropy, indicating that heterogeneity is unlikely to affect the main estimates. The remaining MR analyses had P (Q-statistic) > 0.05, and the funnel plots of SNPs in IVW had a symmetrical distribution, indicating no significant heterogeneity (Supplementary Figure S2). The p-value of all MR Egger intercept tests was greater than 0.05, suggesting no directional pleiotropy of SNPs, indicating the high validity and robustness of the results of the MR analyses in this study. In addition, no significant individual SNPs were found to influence the association from leave-one-out analyses (Supplementary Figure S3). In conclusion, the forest plot shows that HSV, VZV, EBV, CMV, HHV-6, and HHV-7 were not causally associated with ALS (Figure 2).



TABLE 1 The causal effect of human herpes viruses (HHVs) and amyotrophic lateral sclerosis (ALS) by two-sample Mendelian Randomization (TSMR) and the sensitivity analysis results.
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FIGURE 1
 The forward MR effect of HHVs and ALS. Scatter plots for MR-Egger, weighted median, IVW, simple mode and weighted mode methods highlighting the effect of HSV infections (A), HSV keratitis and keratoconjunctivitis (B), anogenital HSV infection (C), VZV IgG (D), EBV (E), CMV IgG (F), HHV-6 IgG (G), HHV-7 IgG (H), on ALS.


[image: Figure 2]

FIGURE 2
 Forest plots of causal effect estimates in the forward MR analysis. SNP, single-nucleotide polymorphism; ALS, amyotrophic lateral sclerosis; IVW, inverse variance weighted; OR, odds ratio; 95% CI, 95% confidence interval.




3.3 Reverse MR

We further explored the causal association of ALS with HHVs and enumerated the results in Table 2. There was also no causal effect of ALS with HSV infections (OR = 1.4497; 95% CI: 0.8429–2.4933; p = 0.1796), HSV keratitis and keratoconjunctivitis (OR = 0.7593; 95% CI: 0.4193–1.3750; p = 0.3634), anogenital HSV infection (OR = 1.1641; 95% CI: 0.6906–1.9623; p = 0.5683), VZV IgG (OR = 0.8480; 95% CI: 0.5017–1.4332; p = 0.5380), EBV (OR = 0.9153; 95% CI: 0.6104–1.3727; p = 0.6688), CMV (OR = 0.8332; 95% CI: 0.5996–1.1578; p = 0.2770), HHV-6 IgG (OR = 1.0292; 95% CI: 0.5298–1.9994; p = 0.9323) and HHV-7 IgG (OR = 0.5408; 95% CI: 0.2023–1.4457; p = 0.2205) in the IVW analysis, which generally agreed with the results obtained from the remaining four MR analyses (Figure 3). Notably, the MR-PRESSO of the HSV infections dataset was tested for a p-value of 0.0130, but no outlier SNPs. At this point, MR Egger’s P (Q-statistic) = 0.0404, and IVW’s P (Q-statistic) = 0.0076. However, the MR Egger intercept test with a p-value of 0.1229 did not show directional pleiotropy, suggesting that heterogeneity is unlikely to affect the main estimates. MR-PRESSO test on the anogenital HSV infection dataset found a p-value of 0.0270, suggesting heterogeneity, and a p-value of 0.3623 for MR-PRESSO after excluding outlier SNPs (rs17524886), and did not identify other outlier SNPs. At this point, MR Egger’s P (Q-statistic) = 0.2497, and IVW’s P (Q-statistic) = 0.3346, indicating no heterogeneity. The MR-PRESSO test of the HHV-7 IgG dataset found a p-value of 0.0467, a p-value of 0.3500 after excluding outlier SNPs (rs4669231) and suggesting no other outlier SNPs, and a P (Q-statistic) = 0.2704 for MR Egger and P (Q-statistic) = 0.3289, indicating no heterogeneity. The p-value of the Q-statistic for the rest of the dataset was greater than 0.05, and the SNPs in the funnel plot of IVW were symmetrically distributed, indicating no significant heterogeneity (Supplementary Figure S4). All MR Egger intercept tests had p-values greater than 0.05, suggesting that the SNPs were free of directional pleiotropy, which suggests good validity and robustness of the MR analysis. In addition, no individual SNPs capable of driving causality between exposure and outcome were identified from leave-one-out analyses (Supplementary Figure S5). In conclusion, the forest plot shows that ALS was not causally associated with HSV, VZV, EBV, CMV, HHV-6, and HHV-7 (Figure 4).



TABLE 2 The causal effect of amyotrophic lateral sclerosis (ALS) and human herpes viruses (HHVs) by two-sample Mendelian Randomization (TSMR) and the sensitivity analysis results.
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FIGURE 3
 The reverse MR effect of ALS and HHVs. Scatter plots for highlighting the effect of ALS on HSV infections(A), HSV keratitis and keratoconjunctivitis (B), anogenital HSV infection (C), VZV IgG (D), EBV (E), CMV IgG (F), HHV-6 IgG (G), HHV-7 IgG (H) using the MR-Egger, weighted median, IVW, simple mode and weighted mode methods.
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FIGURE 4
 Forest plots of causal effect estimates in the reverse MR analysis. SNP, single-nucleotide polymorphism; ALS, amyotrophic lateral sclerosis; IVW, inverse variance weighted; OR, odds ratio; 95% CI, 95% confidence interval.





4 Discussion

Neurodegenerative diseases can damage and degenerate neurons in the CNS and peripheral nervous system, resulting in severe loss of memory, behavior, and sensory and motor functions due to the inability of the neurons to renew and regenerate. Classic NDDs include Parkinson’s disease, Alzheimer’s disease, and ALS, which impose an enormous global burden (Wilson et al., 2023). Although the pathogenic mechanism of ALS is unclear, it is believed that it may be due to oxidative stress, apoptosis, mitochondrial dysfunction, axonal degeneration, neuroinflammation, and viruses (Sever et al., 2022).

Among HHVs, the most well-known HSV can infect neurons and reach the CNS through retrograde axonal transport, ultimately leading to diseases such as encephalomyelitis, and several studies have shown that HSV is closely related to NDDs (Carneiro et al., 2022). Primary infection with VZV causes varicella and can latently infect neurons. When the body is immunocompromised or aged, VZV is reactivated and causes a zoster. In addition, VZV can cause neurological syndromes such as myelitis and segmental motor paralysis (Gershon et al., 2015). EBV is most commonly associated with infectious mononucleosis, while primary or latent infections are mostly associated with neurological disorders, such as encephalomyelitis (Andersen et al., 2023). CMV can exhibit tropism for neural stem cells and cause multiple spinal cord radiculitis (Kleinschmidt-DeMasters and Gilden, 2001; Kamte et al., 2021). The viral load of HHV-6 is associated with increased central nervous system demyelination (Lucas et al., 2023). The damage to the CNS system by HHV-7 has also been reported (Li et al., 2022).

However, do these HHVs increase the risk of ALS? Earlier studies reported that chronic viral infections play an important role in the pathogenesis of ALS, and antibody titers to HSV-1 were significantly increased in the sera of ALS patients (Irkeç et al., 1989). In contrast, studies have reported that significant elevations of HSV-1, HSV-2, and VZV antibodies were not detected in the sera of ALS patients (Catalano, 1972). In a mouse model of latent HSV-2 infection, it was found that HSV-2-induced spinal cord inflammation, although similar to that of ALS patients, was insufficient to induce the characteristic changes in the pathology of ALS (Cabrera et al., 2020). In addition, it has been reported that HSV-1, EBV, CMV, and HHV-6 can cause motor neuron degeneration by activating endogenous retroviruses, thereby inducing the expression of the envelope glycoprotein HERV-K in ALS (Medina et al., 2017; Mayer et al., 2018). However, a subsequent study questioned this view due to their failure to detect highly expressed HERV-K RNA in ALS (Garson et al., 2019). Therefore, a causal association between HHVs and ALS cannot be stated based on the available evidence, and our systematic MR analyses can contribute to related studies.

Thus, studies on the relationship between human herpesviruses and ALS are conflicting, and there are few reports of a causal association between them. We concluded that there is no evidence to support a causal association between HHVs (HSV, VZV, EBV, CMV, HHV-6, and HHV-7) and ALS using bidirectional TSMR based on a sizable sample of GWAS data, implying that observational studies in which HHVs and ALS are associated may be due to confounding factors such as environment or shared genetic structure.

Our bidirectional TSMR study focused on the causal relationship between HHVs and ALS for the first time. This study has several strengths. Firstly, we are not limited to studying HSV and ALS but have expanded to study the causal relationship between multiple HHVs and ALS. Secondly, a bidirectional TSMR analysis reduces bias from confounding factors and excludes the effects caused by reverse causality. Of course, this study has some limitations. First, the significance threshold was relaxed from 5 × 10 −8 to 5 × 10 −5 because the number of IVs was so small. Distortion caused by weak instruments is possible, even though the resulting IVs were all defined as strong instrumental variables after calculating the F statistic (F > 10). Second, although sensitivity analyses of MR indicate robustness among SNPs, there is still the possibility of residual heterogeneity. Finally, we only analyzed GWAS data using European ancestry, and results should be interpreted with caution when applied to other populations.



5 Conclusion

We have shown no causal association between genetically predicted human herpes viruses (HSV, VZV, EBV, CMV, HHV-6, and HHV-7) and ALS based on Mendelian randomization analysis of currently relevant GWAS data. The associations observed in epidemiological studies may be partly attributable to shared genetic structure or environmental confounders, and we could devote more time and money to studies of other environmental factors associated with ALS and genetic structure.
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Background: A few observational studies revealed that amyotrophic lateral sclerosis (ALS) was tightly connected with osteoporosis. However, the results of previous studies were inconsistent, and the causal effect of ALS on osteoporosis has not been investigated. To do so, the two-sample Mendelian randomization (MR) method was employed to estimate the causality.

Methods: The instrumental variables (IVs) for ALS were selected from one GWAS summary dataset (27,205 ALS cases and 110,881 controls), and bone mineral density (BMD) in the femoral neck (FN), lumbar spine (LS), and forearm, extracted from another large-scale GWAS summary database (53,236 cases), were used as phenotypes for osteoporosis. Random-effects inverse variance weighted (IVW), MR Egger, weighted median, simple mode, and weighted mode were conducted to evaluate the causality. Sensitivity analyses were further performed to explore heterogeneity and pleiotropy.

Results: A total of 10 qualified SNPs were finally selected as proxies for ALS. The results of random effects from IVW revealed that ALS has no causal effect on FN-BMD (beta: −0.038, 95% CI: −0.090 to 0.015, SE: 0.027, p = 0.158), LS-BMD (beta: −0.015, 95% CI: −0.076 to 0.046, SE: 0.031, p = 0.629), and forearm BMD (beta: 0.044, 95% CI: −0.063 to 0.152, SE: 0.055, p = 0.418). These results were confirmed using the MR-Egger, weighted median, simple model, and weighted model. No heterogeneity or pleiotropy was detected (p > 0.05 for all).

Conclusion: Contrary to previous observational studies, our study figured out that no causal effect existed between ALS and osteoporosis. The disparity in results is probably attributed to secondary effects such as physical inactivity and muscle atrophy caused by ALS.
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1 Introduction

Both amyotrophic lateral sclerosis (ALS) and osteoporosis are age-related diseases that can severely exacerbate the debilitation of the musculoskeletal system (Pandya and Patani, 2020; Ma et al., 2023). ALS is a rare, fatal, and incurable disorder characterized by motor neuron dysfunction leading to progressive skeletal muscle weakness and behavioral deficits, with respiratory failure often the ultimate cause of death (Feldman et al., 2022). Osteoporosis is a generalized systemic skeletal disorder associated with decreased bone mass and disruption of bone architecture, resulting in a subsequent increase in susceptibility to fractures (including hip, spine, and pelvic fractures) (Genant et al., 1999). Numerous clinical studies have observed that the skeletal health of ALS patients significantly deteriorates due to a lack of muscle contraction and physical activity, manifested as an increased risk of bone loss and osteoporosis (Brown and Al-Chalabi, 2017; Caplliure-Llopis et al., 2020). According to statistics, the annual incidence of osteoporotic fractures caused by osteoporosis exceeds 8.9 million cases worldwide, most of which usually require long-term care, and the mortality rate of patients with a disease duration of more than 1 year is increased by 25%, thereby causing unoptimistic treatment costs and mortality (Ferrari et al., 2016; Ensrud and Crandall, 2017; Johnston and Dagar, 2020). Nonetheless, the problem of comorbid osteoporosis in ALS patients is always underestimated, as ALS patients often have limited mobility and bone loss tends to occur insidiously (usually asymptomatic until the first osteoporotic fracture), which poses a challenge for clinical management and intervention (Johnston and Dagar, 2020; Aibar-Almazán et al., 2022). Non-invasive mechanical ventilation (NIMV) contributes to the prolonged survival of ALS patients, yet growing clinical cases have reported that ALS patients treated with NIMV who are comorbid with severe osteoporosis are more susceptible to respiratory failure due to a low-energy traumatic event that induces osteoporotic vertebral fracture (Hardiman et al., 2017; Portaro et al., 2018). Evaluating the correlation between ALS and osteoporosis, as well as timely identifying and treating ALS patients with the potential risk of osteoporosis and fracture, are bound to be of great clinical importance.

Previous studies have suggested that there is an interacting pathophysiological basis and a close clinical correlation between ALS and osteoporosis (Medinas et al., 2017; Caplliure-Llopis et al., 2020; Ma et al., 2023). Pathophysiological studies have revealed that bone is a key provider of muscle trophic factors (e.g., BMP, VEGF, and IGF-1), whereas muscle is a source of osteoblastic stem cells and certain anabolic stimuli for bone remodeling (Cho et al., 2010; Koh et al., 2012; Zhou et al., 2015). Muscle strength continuously regulates the structure and function of the skeleton, so when ALS causes muscle dysfunction, the skeleton is compromised accordingly; likewise, compromised bone balance can, in turn, contribute to muscle degeneration, which further accelerates ALS progression (Zhou et al., 2015). Clinical studies have found that ALS patients are at increased risk of developing osteoporosis and related fractures because of abnormal energy metabolism, malnutrition, decreased limb flexibility, increased joint stiffness, and frequent falls (Fernando et al., 2019; Morini et al., 2023). According to multiple observational studies, there is a strong statistical correlation between ALS and osteoporosis, whereas it is difficult to state the exact nature of the relationship since these studies are observational (Joyce et al., 2012; Kelly et al., 2020; Sooragonda et al., 2021). Notably Caplliure-Llopis et al. (2020) indicated that deterioration in bone health was not associated with ALS subtype or clinical status but could be related to the levels of metabolic parameters like thyroid-stimulating hormone and vitamin D. Thus, the aforementioned conflicting evidence may weaken the potential causal relationship between these two diseases. It should be recognized that in epidemiological studies (especially observational studies), studies were commonly limited to small sample sizes (due to the rarity of ALS), and the presence of bias introduced by confounders largely interfered with the causal-effect inference of exposure and outcome, thereby rendering the results unreliable (Fewell et al., 2007). Further research focused on the causal relationship between ALS and osteoporosis would be valuable for the prevention and treatment of combined osteoporosis in ALS patients.

Mendelian randomization (MR) is an emerging method in clinical epidemiology that utilizes genetic variants as instrumental variables (IVs) and thus cannot be affected by confounding factors and reverse causation, which exist in cross-sectional studies (Davey Smith and Hemani, 2014). Based on this, the MR method has the ability to identify causal relationships between exposure and outcome and is also regarded as an alternative method for randomized controlled trials, which have been regarded as the gold standard for verifying causality (Davey Smith and Hemani, 2014; Davies et al., 2018). Owing to its strength of causal-effect inference, the two-sample MR method was widely used to find risk factors for a variety of diseases, such as osteoporosis, Parkinson’s disease, and prostate cancer (Mitchell et al., 2021; Bottigliengo et al., 2022; Deng and Wong, 2023; Fang et al., 2023). At the same time, a number of close relationships identified by previous cross-sectional studies were further validated and disentangled by recent MR studies (Chen et al., 2022; Zhang et al., 2022). For instance, previous observational studies have found that rheumatoid arthritis is closely related to osteoporosis, while through a two-sample MR analysis, Liu et al. (2021) demonstrated no causal association between rheumatoid arthritis and osteoporosis. Similarly, based on the results of MR analysis, He et al. (2021) did not find a causal relationship between depression and osteoporosis, which is contrary to the results of previous observational research. Unfortunately, to the best of our knowledge, there is still a lack of MR studies exploring the causal relationship between ALS and osteoporosis to validate the results of previously controversial observational studies and to provide guidance for future clinical interventions in ALS patients with comorbid osteoporosis.

The current study, as the first two-sample MR study to explore the causal effect of ALS on osteoporosis, ultimately aims to elucidate the causal relationship between ALS and osteoporosis and to corroborate the findings identified by previous cross-sectional studies.



2 Materials and methods


2.1 Data on ALS and BMD

The largest-scale ALS GWAS summary statistics up to now were extracted from a recent meta-analysis performed by van Rheenen et al. (2021), which involved 27,205 ALS cases and 110,881 controls. All participants were of European ancestry. For the ALS and BMD data sets used in this study (Zheng et al., 2015; van Rheenen et al., 2021), we refer the reader to the primary GWAS manuscripts and their Supplementary material for details on information of cohorts. Cases were diagnosed in accordance with the revised El-Escorial criteria (Brooks et al., 2000), and control subjects were population-based controls matched for sex and age. The summary-level data on ALS among European ancestry is publicly available through the Project MinE website.1

In the present study, we aimed to explore the causal effect of ALS on osteoporosis. Osteoporosis was diagnosed clinically by measurement of BMD to a large extent (LeBoff et al., 2022). BMD measured at three common bone areas, including femoral neck BMD (FN-BMD), lumbar spine (L1-4) BMD (LS-BMD), and the forearm (distal 1/3 of radius) BMD, were treated as outcome variables in the MR analysis. GWAS summary data for BMD were retrieved from a large meta-analysis involving a total of 53,236 cases of European ancestry, which were selected from the general population (Zheng et al., 2015). Sex, age, age-squared, and weight were covariates in the meta-analysis and adjusted before testing SNPs. BMD was measured by DXA and standardized within each cohort to control systematic differences in BMD measurements. The summary-level data of FN-BMD, LS-BMD, and forearm BMD used in this study were extracted from the GEnetic Factors for OSteoporosis Consortium (GEFOS, http://www.gefos.org/).

Population stratification was regarded as a factor that could contribute to bias in MR analysis caused by different ancestries between exposure and outcome summary statistics. In our study, all the participants were of European ancestry. In addition, the degree of sample overlap was an important factor to consider and could introduce bias or a type 1 error rate if it was substantial in a two-sample MR study (Burgess et al., 2016). We tested the degree through the online tool2 (Burgess et al., 2016), and no significant sample overlap (<6%) between exposure (ALS) participants and outcome (FN-BMD, LS-BMD, and forearm BMD) participants was found. A large study population, relatively strong IVs, and low sample overlap in this study could minimize the extent of bias caused by overlapped populations to some extent (Burgess et al., 2016). On account of all the GWAS summarized statistics of ALS and BMD used in the present study being publicly available, no ethical consent was needed.



2.2 IVs selection process

To obtain robust results in the MR analysis, MR was required to satisfy the three assumptions as follows: first, the relevance assumption: IVs were strongly associated with ALS in this study; second, the exclusion restriction assumption: IVs could only exert influence on BMD through ALS rather than other pleiotropic pathways; and third, the independence assumption: IVs were independent of confounders (Skrivankova et al., 2021). Accordingly, the SNPs of exposure data that satisfied the strict criteria as follows were employed as IVs. First, SNPs with p-value lower than 5 × 10−8 and F-statistics greater than 10 were regarded as significantly associated with the exposure factor and included in the study. The formula F = R2 (N − 2)/(1 − R2) and R2 = 2 × (1 − MAF) × MAF × β2 were used to calculate the strength of every single SNP. N represented the sample size of the ALS GWAS database, and MAF represented minor allele frequency. Second, the clumping process (r2 < 0.001, kb = 10,000) among all the above-included SNPs was carried out to exclude SNPs that were in linkage disequilibrium (LD) with other SNPs. r2 was the LD correlation coefficient. Third, if a large portion of SNPs were not found in the GWAS datasets of BMD, variant proxies (r2 ≥ 0.8) were selected by visiting the online website3 (Li et al., 2022; Seyedsalehi et al., 2023). Fourth, PhenoScanner V2 (available at http://www.phenoscanner.medschl.cam.ac.uk/) is a simple and widely used tool to specify whether a particular SNP is associated with other confounders (Kamat et al., 2019). SNPs related to confounders were excluded by visiting this online website. Previous studies have demonstrated that age at menarche has a causal effect on osteoporosis (Zhang et al., 2018). The SNP rs2077492 was excluded due to its strong association with age at menarche. The SNP rs9275477 was also excluded due to its association with treatment with prednisolone. Finally, SNPs that were significantly (p-value lower than 5 × 10−8) associated with outcome data were excluded. Incompatible SNPs were also excluded from the harmonization process. Finally, 10 SNPs of ALS were used as the IVs for further MR analysis. The flowchart of this study design was shown in Supplementary Figure S1.



2.3 Mendelian randomization analyses and sensitivity analyses

The causal effects of ALS on osteoporosis risk, including FN-BMD, LS-BMD, and forearm BMD, were estimated using the two-sample MR method. Random effects inverse variance weighted (IVW) was the main analytical method. Other complementary methods, including MR-Egger regression, weighted median, simple model, and weighted model, were also used.

The following sensitivity analyses were applied to explore heterogeneity and pleiotropy. Cochran’s Q tests using IVW and MR-Egger were calculated to estimate the heterogeneity. MR-Egger intercept analysis was used to detect the horizontal pleiotropic effects. p-values less than 0.05 indicated pleiotropy. A leave-one-out cross-validation test was applied to detect the effect of potentially influential SNPs and the robustness of the estimates. The MR pleiotropy residual sum and outlier test (MR-PRESSO) was conducted to test pleiotropy and detect and correct the outliers. If there were any outlier SNPs, the MR analysis was performed again after the outlier was corrected. The symmetry of the funnel plot could intuitively reflect potential horizontal pleiotropy, and any asymmetry was a sign of directional pleiotropy (Burgess et al., 2017). Statistical power was tested according to the method proposed by Brion et al. (2013). A p-value less than 0.05 indicated statistical significance in all the sensitivity analysis methods.



2.4 Statistical analysis

Package “TwoSampleMR” (Hemani et al., 2018) in the R software (version 4.1.2) was employed for two-sample MR analysis. Tests were two-tailed. When the number of tests is greater than one, Bonferroni correction should be performed to avoid false-positive estimates (Peng et al., 2022). Bonferroni-corrected statistical significance was 0.05/(1 ALS × 3 BMD) = 0.017 in this study. p-value less than 0.017 was considered significant in the MR analysis. p-value less than 0.05 but more than 0.017 was considered a potential causal relationship.




3 Results

After strict adherence to the criteria of IVs selection, a total of 10 qualified SNPs were finally selected as proxies for ALS in the present study (Supplementary Table S1). No proxy SNPs were employed because all the SNPs identified in the exposure data were found in the outcome data.


3.1 Causal effect of ALS on FN-BMD

Based on the results of the main MR method, ALS had no etiological effect on FN-BMD in IVW [beta: −0.038, 95% confidence interval (CI): −0.090 to 0.015, standard error (SE): 0.027, p = 0.158, Figure 1]. The results were validated in other complementary methods, MR-Egger (beta: −0.120, 95% CI: −0.242 to 0.002, SE: 0.062, p = 0.090), weighted median (beta: −0.041, 95% CI: −0.112 to 0.029, SE: 0.036, p = 0.249), simple model (beta: −0.045, 95% CI: −0.160 to 0.070, SE: 0.059, p = 0.483), and weighted model (beta: −0.047, 95% CI: −0.127 to 0.033, SE: 0.041, p = 0.319, Figure 1). A scatterplot of the causal associations between ALS and FN-BMD is shown in Figure 2A.

[image: Figure 1]

FIGURE 1
 MR analysis between ALS and osteoporosis (FN-BMD, LS-BMD, and forearm BMD). Five methods: random-effects IVW, MR Egger, weighted median, simple mode, and weighted mode.
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FIGURE 2
 Scatterplot of the causal relationships between ALS and FN-BMD (A). MR Leave-one-out cross-validation test for ALS on FN-BMD (B).




3.2 Causal effect of ALS on LS-BMD

Similarly, no significant causal effect was identified between ALS and LS-BMD, estimated by the following five two-sample MR analysis methods (IVW beta: −0.015, 95% CI: −0.076 to 0.046, SE: 0.031, p = 0.629; MR-Egger beta: −0.041, 95% CI: −0.183 to 0.100, SE: 0.072, p = 0.581; weighted median beta: −0.025, 95% CI: −0.106 to 0.056, SE: 0.041, p = 0.552; simple model beta: −0.051, 95% CI: −0.184 to 0.081, SE: 0.068, p = 0.469; weighted model beta: −0.009, 95% CI: −0.140 to 0.121, SE: 0.067, p = 0.877, Figure 1). The forest map of the above five MR methods is shown in Figure 1. A scatterplot of the causal relationships between ALS and LS-BMD is shown in Figure 3A.
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FIGURE 3
 Scatterplot of the causal relationships between ALS and LS-BMD (A). MR Leave-one-out cross-validation test for ALS on LS-BMD (B).




3.3 Causal effect of ALS on forearm BMD

ALS also showed a null causal relationship with forearm BMD in IVW (beta: 0.044, 95% CI: −0.063 to 0.152, SE: 0.055, p = 0.418), MR-Egger (beta: 0.132, 95% CI: −0.119 to 0.384, SE: 0.128, p = 0.333), weighted-median (beta: 0.041, 95% CI: −0.099 to 0.181, SE: 0.072, p = 0.553), simple model (beta: 0.021, 95% CI: −0.202 to 0.244, SE: 0.114, p = 0.860), and weighted model (beta: 0.115, 95% CI: −0.073 to 0.302, SE: 0.096, p = 0.338, Figure 1). The scatterplot of the causal associations between ALS and forearm BMD is shown in Figure 4A.

[image: Figure 4]

FIGURE 4
 Scatterplot of the causal relationships between ALS and forearm BMD (A). MR Leave-one-out cross-validation test for ALS on forearm BMD (B).




3.4 Sensitivity analyses

Detailed results of MR-PRESSO, MR-Egger intercept analysis, heterogeneity tests by IVW, and heterogeneity tests by MR-Egger are shown in Table 1. All the p-values were greater than 0.05 in MR-Egger intercept analysis, heterogeneity tests by IVW, and heterogeneity tests by MR-Egger, indicating that no heterogeneity or pleiotropy existed in our study. In addition, no outliers were identified by MR-PRESSO analysis. According to the results of the leave-one-out cross-validation test, we did not detect any potentially influential or problematic SNPs (Figures 2B–4B). As shown in the funnel plots (Supplementary Figure S2), no potential horizontal pleiotropy was discovered. Based on the consistency of the results estimated by five different MR analytical approaches and the fact that no positive findings existed in the heterogeneity and pleiotropy tests, the results were considered robust.



TABLE 1 The results of sensitivity analyses.
[image: Table1]




4 Discussion

As far as we know, this is the first study to estimate the genetic causal effect of ALS on osteoporosis by utilizing the two-sample MR method. Our results demonstrated that ALS was not causally associated with osteoporosis (FN-BMD, LS-BMD, and forearm BMD). In other words, ALS was not an immediate risk factor for osteoporosis. No heterogeneity or pleiotropy existed in the sensitivity analyses, indicating relatively strong robustness of the causal-effect inference in the present study.

Contrary to our findings, several observational epidemiological studies reported robust associations between ALS and osteoporosis, but their findings were contradictory. As far back as 1977, abnormalities in vertebral structure have been observed among ALS patients (Mallette et al., 1977). Subsequently, a significant decrease in cortical bone mass was detected in individuals with ALS (Yanagihara et al., 1984). Likewise, Morini et al. (2023) found that patients with ALS (16 male and 22 female individuals) showed lower BMD. According to a recent cross-sectional study, ALS patients represented statistically significantly worse bone quality parameters (including T-score and BMD) compared with the control group matched in sex and age (Caplliure-Llopis et al., 2020). Interestingly, in this series, when analyzing BMD according to different sexes, female patients with ALS (11/12) showed statistically significantly lower BMD than healthy female individuals (4/24); however, differences in the proportion of male individuals with osteoporosis in the ALS group and healthy control group (7/21 vs. 23/42) were not significant. In contrast, one Indian cohort including 30 male ALS subjects and 33 healthy controls suggested a higher level of bone turnover marker in the ALS group; nevertheless, no significant differences in BMD between the two groups were observed (Sooragonda et al., 2021). Yet, all of the above studies were limited by a relatively limited sample size; the associations identified in the observational studies may have been generated by confounders, reverse causality, and a variety of biases, such as selection bias and recall bias. Moreover, inaccurate causal-effect inferences of exposure and outcome still remain, even through rigorous study design and statistical adjustment (Fewell et al., 2007; Davey Smith and Hemani, 2014). Elucidating the causal relationship between ALS and osteoporosis was clinically important.

The mechanism between ALS and osteoporosis has also been widely discussed. Some studies suggest that neurotoxic metals that have been detected in individuals with ALS might have an effect on bone mineralization (Roos et al., 2013). Specifically, evidence from Roos (2014) showed that several neurotoxic metals (e.g., cadmium, lead, and arsenic) accumulate in the bones of ALS patients to disrupt bone remodeling by replacing calcium in hydroxyapatite (one important mineral component of bone). While Ko et al. (2018) revealed that SOD1G93A mice, the mouse model of ALS, exhibited decreased trabecular bone mass, thinner trabeculae, and lower cortical bone thickness when compared with healthy controls. Similarly, by using the G93A mouse model, Zhu et al. (2015) found that mice with serious muscle atrophy showed significantly lower trabecular as well as cortical bone mass. They also found that osteoblast properties, such as osteoblast differentiation capacity, were seriously impaired and that osteoclast formation was markedly improved in the G93A mouse model with serious muscle atrophy. But no striking changes in osteoblast and osteoclast properties were detected in G93A mice without muscle atrophy. Consistently, significant degradation of bone caused by muscle paralysis was found in the murine model (Warner et al., 2006). These animal studies might suggest that muscle atrophy was a direct contributor to osteoporosis, not due to ALS itself.

Accumulative evidence indicated that skeletal muscle load was the major source of mechanical stimulation of bone anabolism; moreover, skeletal muscles were the crucial source of osteogenic growth factors (Hamrick et al., 2010). Clinically, mechanical unloading could lead to bone loss (Lloyd et al., 2014). For instance, one previous study indicated that individuals affected by Duchenne muscular dystrophy showed lower BMD and Z-scores (Rufo et al., 2011). Insufficient physical activity was also regarded as a risk factor for osteoporosis (Roos, 2014). Likewise, ALS is a neurodegenerative disease characterized by progressive weakness of skeletal muscles, muscle atrophy, and behavioral deficits. These findings indicated that the presence of osteoporosis in individuals with ALS might be partially intermediated by other elements, including muscle atrophy and physical inactivity. The results of our two-sample MR study revealed no causal relationship between ALS and osteoporosis, which might also suggest an indirect effect, rather than a direct effect, of ALS on osteoporosis.

This study has several strengths. First, our MR study revealed no causal effect of ALS on osteoporosis for the first time at the genetic level, which contributes positively to the genetics of osteoporosis. We further discussed how deteriorated bone health in ALS patients might be due to muscle atrophy or physical inactivity. Based on our results, we recommended that more clinical attention should be paid to the bone health of ALS patients with muscular dystrophy, but osteoporosis should not be dogmatically viewed as a complication of ALS, as our results revealed that ALS may not be causally associated with osteoporosis. The insightful realization that there was no causal association between ALS and osteoporosis helped clinicians place the focus of intervening in osteoporosis in patients with ALS on regular monitoring of bone mineral density and appropriate strategies to nourish the skeletal-muscular system, as well as to enhance muscle contraction and physical activity. Second, the data used in this study were extracted from two large-scale GWAS summary datasets for ALS and osteoporosis separately, which helped to estimate the causality more precisely compared with previous observational studies. Third, there is no significant sample overlap between exposure and outcome datasets in this two-sample MR-designed research. Fourth, BMD in three common bone sites (FN-BMD, LS-BMD, and forearm BMD) was employed as a phenotype for osteoporosis, which might control the statistical bias to some extent. Fifth, no positive findings in the sensitivity analyses excluded the possibility that the MR study was biased by horizontal pleiotropy.

This study has certain limitations. First, considering different bone qualities have been identified between male and female patients with ALS in previous observational studies (Caplliure-Llopis et al., 2020), stratified analysis according to different sexes would have been of clinically great interest. Nevertheless, since we only adopted summary-level databases that are publicly available for MR analyses, it is impossible to perform subgroup analyses. Second, all the participants were of European ancestry; in our study, we did not verify whether a causal effect existed in other populations. Further studies validating the causality among other ethnic groups are needed.



5 Conclusion

Contrary to previous observational studies, our study figured out that no causal effect existed between ALS and osteoporosis. The disparity in results is probably attributed to secondary effects such as physical inactivity and muscle atrophy caused by ALS.
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Spinal muscular atrophy (SMA) is a devastating neuromuscular disorder caused by the depletion of the ubiquitously expressed survival motor neuron (SMN) protein. While the genetic cause of SMA has been well documented, the exact mechanism(s) by which SMN depletion results in disease progression remain elusive. A wide body of evidence has highlighted the involvement and dysregulation of autophagy in SMA. Autophagy is a highly conserved lysosomal degradation process which is necessary for cellular homeostasis; defects in the autophagic machinery have been linked with a wide range of neurodegenerative disorders, including amyotrophic lateral sclerosis, Alzheimer’s disease and Parkinson’s disease. The pathway is particularly known to prevent neurodegeneration and has been suggested to act as a neuroprotective factor, thus presenting an attractive target for novel therapies for SMA patients. In this review, (a) we provide for the first time a comprehensive summary of the perturbations in the autophagic networks that characterize SMA development, (b) highlight the autophagic regulators which may play a key role in SMA pathogenesis and (c) propose decreased autophagic flux as the causative agent underlying the autophagic dysregulation observed in these patients.
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Spinal muscular atrophy

Spinal muscular atrophy (SMA) is a devastating autosomal recessive neuromuscular disorder, presenting with an overall incidence rate of 1 in 6,000 to 1 in 10,000 live births and a carrier frequency of around 1 in 40 Caucasian adults (Crawford and Pardo, 1996; Verhaart et al., 2017). It is caused by the reduced expression of the ubiquitous survival motor neuron (SMN) protein, resulting in (a) degeneration of the α-motor neurons in the anterior horn of the spinal cord, (b) neuromuscular junction (NMJ) maturation defects, (c) progressive muscle atrophy and (d) ultimately death (Monani and De Vivo, 2014). It is now well-documented that two genes code for the SMN protein in humans: the telomeric survival motor neuron 1 (SMN1) and the centromeric survival motor neuron 2 (SMN2), both located on chromosome 5q13. Heterozygous carriers of the disease harbor a single copy of SMN1, however due to a gene duplication event, multiple copies of SMN2 can be presented (Lorson et al., 1999; Monani et al., 1999). The SMN1 gene codes for a fully functional SMN protein, while a single C > T nucleotide change in SMN2 disrupts an exonic splicing enhancer, a DNA sequence motif which promotes the inclusion of exons into mature transcripts. This genetic change instead creates a new exonic splicing silencer that results in exon 7 skipping and the formation of a truncated variant of the SMN protein - known as SMNΔ7 with diminished function and stability (Lorson et al., 1999; Cartegni and Krainer, 2002; Kashima and Manley, 2003; Figure 1). Approximately 85–90% of the SMN2 gene product accounts for SMNΔ7, while 10–15% codes for a functional SMN protein (Kolb and Kissel, 2015). The latter is not adequate to prevent SMA; although, it is of note that more copies of SMN2 result in less severe forms of the disease (Wirth, 2021).


[image: image]

FIGURE 1
SMA associated genes SMN1 and SMN2 on human chromosome 5. SMA patients display deletions or mutations in both copies of SMN1; although SMN2 is expressed, most of the SMN2 mRNA transcripts lack exon 7 due to a C > T nucleotide change. Thus, most of the product deriving from the SMN2 gene is mostly unstable and rapidly degraded (SMNΔ7).



Clinical presentations of SMA

Spinal muscular atrophy is typically categorized as proximal and distal SMA. Proximal SMA is the most common form of the disease, accounting for up to 95% of cases and manifests during infancy or early childhood, affecting the proximal regions. Conversely, distal SMA is significantly less common and occurs during childhood but progresses at a slower rate into adulthood (Farrar and Kiernan, 2015). SMA is clinically divided into four types, types I-IV with type 0 referring to prenatal SMA. Diagnosis of disease depends on the severity, age of onset and motor function. Type 0 SMA refers to neonates with one copy of SMN2, displaying severe weakness and a history of decreased fetal movements in utero (MacLeod et al., 1999). Type I SMA, which is often referred to as Werdnig-Hoffmann disease, manifests within 6 months of age and is characterized by hypotonia, poor head control and an inability to sit unaided. Type I SMA patients have two copies of SMN2 and apart from poor motor neuron function, they usually develop respiratory complications within 2 years of symptom onset (Thomas and Dubowitz, 1994; Zerres and Rudnik-Schöneborn, 1995; Finkel et al., 2014). In contrast, children with three copies of SMN2 are categorized under type II SMA (an intermediate form of disease), can sit without aid during their development and display independent head control present with limited hypotonia. SMA type III subjects have three or four SMN2 copies and are known to walk independently at some point in their lives, although patients present with a progressive weakness in leg muscles. Life expectancy of patients with type III SMA is not affected (Zerres et al., 1997). Patients with more than four copies of SMN2 are characterized by type IV SMA, which is the mildest form of the disease, making up less than 5% of all cases. Onset of type IV is typically during adulthood and is characterized by mild muscle weakness and reduced fine motor control (Zerres and Rudnik-Schöneborn, 1995).



Molecular mechanisms underlying SMA

Various in vitro and in vivo models have been used to understand the molecular and cellular mechanisms underlying SMA pathogenesis (Monani et al., 2000; Edens et al., 2015; O’Hern et al., 2017; Nishio et al., 2023). Although a detailed report on SMA pathogenesis is beyond the scope of this review, a few important aspects are discussed below.

Survival motor neuron is expressed in the nucleus and cytoplasm. Its canonical function is the assembly of small nuclear ribonucleoproteins (snRNPs), which are critical for pre-mRNA splicing, through interactions with the Gemin complex (Fischer et al., 1997). Hence, it is of note that splicing defects are described in many aspects of SMA pathology (Burghes and Beattie, 2009; Singh and Singh, 2018). Besides SMN’s canonical role, the protein is also involved in RNA transport and local translation in axons, an event particularly important in neuronal cells for proper neuronal development (Fallini et al., 2012). SMN binds RNA via a domain implicated in the localization of β-actin mRNA to the axonal growth cones of motor neurons, a process necessary for correct axonal development (Rossoll et al., 2003). Furthermore, SMN is known to interact with proteins involved in cytoskeletal dynamics and it has been observed that granules containing SMN are associated with cytoskeletal microfilaments essential for cell shape, integrity and transport along the axonal compartment in neurons (Béchade et al., 1999). Thus, the interaction of SMN with β-actin further highlights the integral role of SMN in cytoskeletal and microtubule dynamics. Interestingly, SMN also binds profilin2a, a neuron specific actin-binding protein (Giesemann et al., 1999). Profilin2a is regulated by Rho-Associated Kinase (ROCK) and ROCK inhibition displayed increased lifespan and amelioration of defects at the NMJ of intermediate SMA mice (Bowerman et al., 2010, 2012). SMN protein has also been implicated in improper proteostasis (Zhang et al., 2013; Lambert-Smith et al., 2020). Proteomic studies revealed SMN depletion resulted in reduced expression of ubiquitin-like modifier activating enzyme 1 (UBA1) – a highly conserved protein ubiquitously expressed throughout all human tissues, canonically tasked with a role in the unfolded protein response and autophagy (Chang et al., 2013; Lambert-Smith et al., 2020). Reduced UBA1 resulted in disrupted proteosome degradation and perturbed axonal morphology (Hosseinibarkooie et al., 2017), whereas restoration of UBA1 mRNA rescued functional and morphological defects in SMA zebrafish (Powis et al., 2016). Furthermore, a growing body of evidence has also highlighted the role of SMN in endocytosis (Dimitriadi et al., 2010; Hosseinibarkooie et al., 2017; Riessland et al., 2017). Given the dependence of endocytosis on cytoskeletal remodeling (Montagnac et al., 2013; Franck et al., 2019), involvement of the SMN protein in endocytosis is not a surprise. Research on mammalian and nematode SMA models demonstrated perturbations in the endocytic pathway. In the nematode Caenorhabditis elegans, SMN ortholog depletion impaired synaptic transmission by interfering with the recycling of endocytic synaptic vesicles (Dimitriadi et al., 2010). Furthermore, diminished levels of SMN were noted to cause varying widespread endocytic defects including atypical localization of endosomal proteins, aberrant endosomal trafficking in both neuronal and non-neuronal tissue and impairments in JC polyomavirus infection – a clathrin-mediated endocytosis process (Dimitriadi et al., 2010). It was also documented that endocytic defects arise due to dysregulation of F-actin and calcium dynamics (Hosseinibarkooie et al., 2017). Plastin 3 (PLS3), an actin-bundling protein which interacts with F-actin and calcium, was shown to rescue motor neuron pathology, NMJ structure and function when overexpressed in a variety of SMA animal models (Oprea et al., 2008; Dimitriadi et al., 2010; Hosseinibarkooie et al., 2017). Similar rescue was observed when levels of neurocalcin delta, a negative regulator of endocytosis, were decreased (Riessland et al., 2017; Torres-Benito et al., 2019). Additionally, overexpression of coronin 1C, a calcium dependent F-actin binding protein which binds to PLS3, also rescued SMA defects in zebrafish (Hosseinibarkooie et al., 2017). Alternative roles of the SMN protein have been described in cell proliferation/differentiation (Grice and Liu, 2011), phosphatase and tensin homolog-mediated protein synthesis (Ning et al., 2010), energy homeostasis/mitochondrial function (Acsadi et al., 2009), priming of ribosomes to modulate translation (Lauria et al., 2020) and autophagy (Garcera et al., 2013; Custer and Androphy, 2014; Periyakaruppiah et al., 2016; Piras et al., 2017; Rodriguez-Muela et al., 2018; Sansa et al., 2021). Despite the various documented cellular roles of SMN, the specific interaction most pertinent to the development of SMA remains elusive. Treatment for SMA patients involves gene-targeted therapy in which the defective SMN1 gene is being replaced or the SMN2 gene splicing pattern is modulated.



Therapeutic strategies

Three treatments are currently approved by the European Medicines Agency and the US Food and Drugs Administration: Nusinersen (Spinraza; Biogen), Onasemnogene abeparvovec (Zolgensma; Novartis) and Risdiplam (Evrysdi; Roche).

Nusinersen is the first gene therapy for SMA patients to be approved and is administered intrathecally. It costs up to $125,000 per dose and relies on the manipulation of SMN2 gene splicing to increase the production of full-length, functional SMN protein. Exclusion of exon 7 is regulated by multiple surrounding elements; the most important one for nusinersen treatment is the intronic splicing silencer N1, deletion of which is known to significantly increase exon 7 inclusion in the SMN2 mRNA transcript (Singh et al., 2006). Fundamentally, targeting this regulatory region via antisense oligonucleotides (ASOs) - modified chains of nucleotides with the ability to target a gene product of interest - forms the basis of nusinersen treatment. Effectiveness of this treatment was tested initially using a mild mouse model of SMA at embryonic, neonatal, and adult stages and it was noted that SMN protein levels were increased resulting in an improvement of the SMA phenotype (Hua et al., 2010). Additionally, the study by Hua et al. (2010) suggested that early treatment, at either the embryonic or neonatal stages resulted in stronger amelioration of the phenotypes observed in mild SMA mice. Furthermore, the ASO displayed an ability to significantly improve lifespan and motor function in severe mouse models of SMA (Passini et al., 2011). Subsequent clinical trials showed nusinersen to be most effective in infants treated before 6 months of life (Finkel et al., 2017) – however, more recent studies have reported improvements in patients of different stages and ages, covering the whole spectrum of SMA (Coratti et al., 2021; Łusakowska et al., 2023).

Onasemnogene abeparvovec is an SMN1 gene replacement therapy which is administered as a single intravenous injection at a cost of $2,125,000 per dose. Expression of SMN1 cDNA under the control of a ubiquitous promoter using intravenous delivery of the adeno-associated viral vector serotype 9 (AAV9) was efficient in transducing motor neurons in the spinal cord of mice (Dominguez et al., 2010). Through this technique, SMN1 gene expression mediated by AAV9 significantly improved lifespan and motor function in SMA mouse models and non-human primates; similarly to nusinersen it was found that earlier intervention resulted in better outcomes (Valori et al., 2010; Meyer et al., 2015). In addition, clinical trials with type I SMA infants treated with onasemnogene abeparvovec displayed significant improvements in motor neuron function, although hepatotoxicity was observed as an adverse side effect (Mendell et al., 2017). Therefore, most patients require the corticosteroid prednisolone to mitigate the negative effects of liver toxicity (Chand et al., 2021). Overall, the aforementioned treatment is targeted at patients below 2 years of age, with bi-allelic mutations in the SMN1 gene and up to three copies of SMN2 (Wirth, 2021; Day et al., 2022; Ogbonmide et al., 2023).

Risdiplam, unlike its predecessors, is an orally administered small molecular drug that acts as an SMN2 splice modulator with a cost of up to $340,000 per year. The molecule binds directly to SMN2 pre-mRNA at two sites and promotes exon 7 inclusion by facilitating the recruitment of U1-snRNP1 particles to the splice donor site of intron 7, thus increasing the production of full-length SMN protein (Sivaramakrishnan et al., 2017). In preclinical trials, risdiplam was found to increase full-length functional SMN protein in both mild and severe SMA mice, drastically increasing lifespan and improving motor function defects (Poirier et al., 2018). Risdiplam treatment is offered to type I, II and III SMA patients aged 2 months and older with one to four copies of SMN2 (Paik, 2022).

Other treatments in development include the myostatin inhibitor apitegromab. Myostatin is primarily expressed in skeletal muscle and serves to inhibit muscle growth (Sharma et al., 2015). Multiple preclinical SMA models have highlighted the effectiveness of myostatin inhibition in maintaining muscle mass and function (Rose et al., 2009; Feng et al., 2016). Apitegromab treatment has shown promise in milder type II and type III forms of disease (Barrett et al., 2021); the inhibitor has passed phase 1 and 2 trials having shown evidence to improve and/or stabilize motor function in SMA patients (Day et al., 2022). The identification of myostatin as a potential target for SMA treatment and the clinical benefit of apitegromab has led to the development of other therapies targeting myostatin as well as phase 3 trials of combination therapy with nusinersen or risdiplam (Day et al., 2022).

Fundamentally, while multiple pipeline treatments are in development and therapies are commercially available, there is no cure for SMA. It remains unclear which of the SMN function(s) result in disease pathogenesis. Firstly, it may be that the canonical role of SMN is the key cause of the disease, stemming from a global decrease in SMN protein function, subsequently interfering with the splicing of essential mRNA transcripts required for correct motor neuron development. There is also the possibility that one of the alternative functions of SMN, which is disrupted by SMN protein depletion results in a gradual deterioration of motor neurons. Our intention is to provide an overview of the role of autophagy in SMA which may in turn identify combinatory approaches that include SMN-dependent and -independent treatments for optimal benefits.




Autophagy

Autophagy is known to play a vital role in cell survival and maintenance of cellular integrity through proteostasis (Das et al., 2012). Autophagy can be upregulated in response to a wide range of stimuli; these include infection, starvation, oxidative stress, temperature, growth and development (Levine and Kroemer, 2008; Mizushima et al., 2008; Mizushima and Levine, 2010; Shang et al., 2011; Summers and Valentine, 2020). It is categorized into three types: macroautophagy, microautophagy and chaperone-mediated autophagy (Figure 2). While each type of autophagy ultimately results in lysosomal-mediated degradation of cytoplasmic components, the mode of delivery differs. Macroautophagy involves the formation of an intermediary double membrane vesicle, which engulfs cargo and transports it to the lysosome. Selective macroautophagy, in which specific cellular cargo are targeted for sequestration is dependent on the substrate; for example, the degradation of mitochondria (also known as mitophagy) is controlled by macroautophagy (Shimizu et al., 2014). In contrast, microautophagy involves direct invagination of cytoplasmic material into the lysosome. Chaperone-mediated autophagy is distinct from macro- and microautophagy due to the lack of transporter vesicles. During chaperone-mediated autophagy, cytoplasmic material containing the pentapeptide KFERQ motif are bound and chaperoned by the heat shock cognate 71 kDa protein Hsc70 which is recognized by the lysosomal LAMP2A receptor.
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FIGURE 2
Three main forms of autophagy. (A) Macroautophagy is characterized by engulfment and transfer of cargo to lysosomes via an intermediary double membrane vesicle. (B) Microautophagy is characterized by direct invagination of cytoplasmic material into the lysosome. (C) Chaperone-mediated autophagy involves delivery of cargo marked by the Hsc70 chaperone complex to the lysosome via the LAMP2A receptor.


Macroautophagy (henceforth referred to as autophagy) is the main form of autophagy used for the clearance of aggregated proteins and damaged organelles due to its bulk degradation capabilities. As this review focuses on macroautophagy, microautophagy and chaperone-mediated autophagy will not be discussed; they have been extensively described in reviews by Li et al. (2012) and Kaushik and Cuervo (2018), respectively. During autophagy, the cytoplasmic material marked for degradation is sequestered by a nascent membrane known as the phagophore, which is believed to originate from the endoplasmic reticulum (Axe et al., 2008). The phagophore fuses with itself to form the autophagosome; upon completion of this process, the autophagosome fuses with a lysosome to form an autolysosome where lysosomal enzymes facilitate the degradation of cargo (Yorimitsu and Klionsky, 2005). Ultimately, autophagy occurs via five distinct stages: (i) autophagy induction, (ii) vesicle nucleation (iii) vesicle elongation (iv) docking and lysosomal fusion and (v) degradation. The ability of the pathway to progress through these stages is referred to as autophagic flux.

Autophagy is characterized by a multi-step process in which cytoplasmic contents are sequestered within double-membrane vesicles known as autophagosomes (Figure 3). In selective autophagy, recognition and delivery of ubiquitinated cargo to the autophagosome is orchestrated by the autophagic receptor Sequestosome 1 (p62/SQSTM1), hereafter referred to as p62 (Kumar et al., 2022). Initiation of the process begins with the dissociation of the mechanistic target of rapamycin (mTOR) from the ULK1/2-ATG13-FIP200 autophagy induction complex (Jung et al., 2009). Subsequent nucleation of the phagophore is orchestrated by a Class III phosphatidylinositol 3-kinase (PI3K) complex composed of Beclin 1, VPS34, VPS15 and ATG14 (Itakura et al., 2008; Burman and Ktistakis, 2010). The nucleated vesicle then expands through maturation of the membrane, guided by an ATG12-ATG5-ATG16L1 complex which catalyzes insertion of LC3 into the vesicle (Fujita et al., 2008). Prior to LC3 insertion into the membrane, LC3 undergoes proteolytic processing by ATG4 into LC3-I, subsequently bound by ATG7 and ATG3 and lastly, conjugated by phosphatidylethanolamine (PE) - the resulting mature form of LC3 is referred to as LC3-II (Kirisako et al., 2000; Ohsumi, 2001; Mizushima et al., 2011). Following LC3-II incorporation, the extending ends of the phagophore fuse with one another, forming the double membraned autophagosome which engulfs a segment of cytoplasm and cargo (Yorimitsu and Klionsky, 2005). The autophagosome is transported along microtubules and fuses with a lysosome to form an autolysosome; the cargo is then degraded by hydrolytic proteases (Pankiv and Johansen, 2010). The docking and fusion of the lysosome to the autophagosome is enabled through the action of small GTPases (such as RAB7), SNAREs and the HOPS complex/EPG5 tethering factors (Lörincz and Juhász, 2020). Ultimately, dismantled cellular components are actively transported for reconstitution into new macromolecules or alternatively, for energy metabolism (Yorimitsu and Klionsky, 2005).
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FIGURE 3
Main steps of macroautophagy. The pathway begins with the initiation step in which mTOR dissociates from the ULK1/2-ATG13-FIP200 autophagy induction complex in order for the phagophore to be formed. Subsequently, nucleation of the phagophore is orchestrated by a PI3K complex composed of Beclin 1, VPS34, VPS15 and ATG14. As the vesicle elongates, LC3 undergoes proteolytic cleavage by ATG4 into LC3-I. LC3-I is then bound by ATG7 and ATG3 and finally conjugated by phosphatidylethanolamine (PE); the resultant form is known as LC3-II. Once LC3-II incorporates into the autophagosome membrane, the extending ends join, engulfing cellular cargo. During the process, p62 delivers ubiquitinated cargo to the autophagosome where it binds with LC3-II. The autophagosome is then transported along microtubules to the lysosome which will dock and fuse through the action of small GTPases, SNAREs and the HOPS complex/EPG5 tethering factors. Cellular cargo then undergoes lysosomal degradation and dismantled components are recycled.


Autophagy is upregulated to act as a protective process to promote survival (Kataura et al., 2022; Yang et al., 2023). However, impaired or excessive autophagy can be detrimental and could result in the accumulation of protein aggregates – a characteristic of many neurodegenerative disorders. The autophagic pathway is particularly known to be perturbed in neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS) (Ravikumar et al., 2004; Bandyopadhyay and Cuervo, 2007; Hetz et al., 2009; Sarkar et al., 2011; Nilsson and Saido, 2014) and is emerging as a popular topic of investigation in SMA pathogenesis.



Autophagy dysregulation in SMA


Autophagosomes

An increasing body of in vitro and in vivo evidence suggests dysregulation of autophagy as a key factor in SMA pathogenesis (Table 1). LC3-I conversion to LC3-II is considered a general marker of autophagosome formation, while autophagosome abundance is linked with LC3-II protein levels (Mizushima et al., 2004). The presence of autophagosomes and autolysosomes were analyzed in the neurites and cytoplasm of Smn-depleted motor neurons (Garcera et al., 2013). Motor neurons were transduced with lentivirus containing short hairpin RNA sequences targeting specific sites of mouse Smn and it was identified that Smn reduction resulted in an increased autophagosome and autolysosome number compared to controls (Garcera et al., 2013). This increase was observed in both motor neuron soma and neurites. Similar findings were also recapitulated in vivo; LC3-II levels were increased in more severe SMA mice [Smn(-/-); SMN2] motor neurons, further reinforcing autophagy dysregulation in SMA (Garcera et al., 2013). A study by Custer and Androphy (2014) highlighted similar findings. An NSC-34 cell line – a hybrid line produced by fusing mouse neuroblastoma cells N18TG2 and motor neurons from mouse embryo spinal cords (Cashman et al., 1992), was transfected with GFP-LC3. The latter is known to appear as discrete puncta following lipidation and incorporation to the autophagosome membrane (Custer and Androphy, 2014). It was identified that Smn-depleted cultures displayed increased autophagic puncta, suggesting an increase in autophagosome number. The accumulation of LC3-positive puncta is not unique to the NSC-34 model; SMA-derived human fibroblasts transfected with LC3-GFP also displayed an increased number of puncta/cells, further highlighting an increase in autophagosome number in SMA patients. In agreement with these findings, Periyakaruppiah et al. (2016) also demonstrated elevated number of autophagosomes in severe SMA mice [Smn(-/-); SMN2] by detecting increased LC3-II levels in their spinal cord motor neurons. These findings were also echoed in the SMNdelta7 mouse model, presenting a severe SMA phenotype; lumbar spinal cord motor neurons obtained from SMNdelta7 mice displayed increased LC3-II and Beclin 1 – a protein component of the vesicle nucleation complex, indicating an increased number of autophagosomes (Piras et al., 2017).


TABLE 1    Summary of the autophagic perturbations reported in SMA.
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Autophagic flux

Elevated numbers of autophagosomes could be the result of increased synthesis or reduced degradation, the latter being the result of impaired autophagic flux. To determine the cause of increased LC3-II levels, Smn-depleted motor neurons were treated with bafilomycin A1 – a lysosomal degradation inhibitor (Yamamoto et al., 1998; Garcera et al., 2013). LC3-II levels are expected to increase in the presence of bafilomycin A1 demonstrating an efficient autophagic flux (Menzies et al., 2012). Interestingly, bafilomycin-treated Smn motor neurons displayed a further increase in LC3-II compared to non-treated Smn controls (Garcera et al., 2013), an observation which would indicate some degree of functional autophagic flux. While the authors initially stated that autophagic flux was unaffected (Garcera et al., 2013), subsequent studies by the same group identified that flux was in fact reduced in Smn motor neurons by using a more comprehensive analysis (Periyakaruppiah et al., 2016; Sansa et al., 2021). It should be noted that even a partial blockage during the autophagy process could also result in LC3-II increase when bafilomycin A1 treatment is applied; this could be incorrectly interpreted as an unaffected flux (Klionsky et al., 2012). It is therefore important for researchers to assess LC3-II turnover in the presence of bafilomycin A1 with appropriate positive controls such as rapamycin treatment as well as examining the degradation of the autophagy specific substrate p62 (Klionsky et al., 2012).

To further clarify whether the accumulation of autophagosomes is due to an impaired autophagic flux or enhanced generation of autophagosomes, Custer and Androphy (2014) treated NSC-34 cultures with the autophagy activator rapamycin and expressed mRFP-LC3-GFP – a marker which allows for the differentiation between autophagosomes and autolysosomes by initially appearing yellow and subsequently transitioning to red after successful fusion with the lysosome (Custer and Androphy, 2014). An increased ratio of yellow puncta was observed in the Smn-depleted cultured cells treated with rapamycin, highlighting a failure of the autophagosome to fuse with the lysosome and thus, pointing to a reduced autophagic flux. Autophagic flux was further examined by assessing levels of the p62 protein, which is known to be degraded together with bound ubiquitinated substrates by autophagy following fusion with the lysosome. Increased p62 protein levels were observed in the NSC-34 cell line indicative of reduced autophagic flux (Custer and Androphy, 2014). Importantly, these findings were replicated in human SMA patient fibroblasts, as well as in the Taiwanese severe SMA mouse model (Smn-/-; SMN2tg/0) – animals carrying the Hung targeted deletion of murine Smn and a human SMN2 transgene (Hsieh-Li et al., 2000; Custer and Androphy, 2014). However, Piras et al. (2017) found p62 levels to be unchanged in severe SMNdelta7 mice suggesting flux not to be affected. It is noteworthy that Custer and Androphy (2014) employed a more severe SMA mouse model, while Piras et al. (2017) drew conclusions from severe SMA mice which may be the cause of the discrepancies observed. Agreeing with the findings of Custer and Androphy (2014) and contrasting the findings of Garcera et al. (2013) and Piras et al. (2017), it was found that p62 protein levels were also significantly increased in the spinal cord motor neurons of more severe SMA mice, further indicating a reduced autophagic flux (Periyakaruppiah et al., 2016). Moreover, wild-type mouse motor neurons cultured with bafilomycin A1 in the presence of neurotrophic factors displayed increased LC3-II and reduced Smn levels relative to untreated controls, suggesting that inhibitors of autophagic flux resulted in reduced Smn protein levels in healthy controls (Periyakaruppiah et al., 2016). In line with these findings, SMA patient fibroblasts treated with lysosomal inhibitors displayed an accumulation of p62, while LC3-II increase was significantly lower than the increase observed in control fibroblasts, suggesting that autophagosome formation was not impaired (Rodriguez-Muela et al., 2018) A potential mechanism that could underlie the autophagic flux defects observed in SMA may be due to the disrupted SNARE complex assembly, an observation that has recently been described following SMN depletion (Kim et al., 2023). Fundamentally, the SNARE complex is required for autophagosome-lysosome fusion and therefore, when impaired, autophagic flux is expected to be reduced (Mohamud et al., 2018). SNAP25, a core component of the SNARE complex that is capable of mediating autophagosome-lysosome fusion was significantly reduced in more severe SMA mice (Mu et al., 2018; Kim et al., 2023). However, the interaction between SNAP25 and SMN has not been explored in the context of autophagy dysregulation. Overall, these studies point to an increase in autophagosome number, but it remains controversial whether autophagic flux is affected in SMA.



Drug modulators of autophagy

Autophagic drug modulators have also been utilized to study the effect of autophagy in SMA. As mTOR is widely accepted as a major negative regulator of autophagy, rapamycin – an mTOR inhibitor, is commonly used to study autophagy activation (Noda and Ohsumi, 1998; Ravikumar et al., 2004; Berger et al., 2006). Wild-type mouse motor neurons cultured in the presence of neurotrophic factors and treated with rapamycin showed elevated Smn and LC3-II protein levels, while the same type of tissue when treated with bafilomycin A1 displayed reduced Smn protein levels (Periyakaruppiah et al., 2016). Conversely, administration of 3-methyladenine – which inhibits PI3K and subsequently autophagy initiation - reduced Beclin 1 and LC3-II and increased Smn protein levels in SMA cell cultures (Piras et al., 2017). Moreover, it was found that 3-methyladenine significantly increased the lifespan and number of motor neurons in SMA pups, suggesting that autophagy inhibition delayed motor neuron degeneration (Piras et al., 2017). While these studies seem contradictory, it should be noted that the findings of Periyakaruppiah et al. (2016) are based on control animals, whereas those by Piras et al. (2017) derive from severe SMA mice. Therefore, under normal conditions, activating autophagy is able to increase SMN levels. Moreover, it has been shown that rapamycin can increase autophagic flux in primary neurons (Rubinsztein and Nixon, 2010) and 3-methyladenine, surprisingly, presents a dual-role in autophagic regulation being able to inhibit the pathway but also promote autophagic flux due to its transient effects on varying classes of PI3K (Wu et al., 2010). The rescue observed by Piras et al. (2017) when administering 3-methyladenine may be a result of alleviating the defects in autophagic flux and the burden of autophagosome accumulation. Thus, the conclusions driven by the administration of these drugs may not be as straightforward as previously thought, and it is possible that the effect on autophagic flux is responsible for the contradictory findings.



Autophagy-related regulators

Apart from studies on SMA focusing on (i) autophagosome number, (ii), autophagic flux and (iii) SMN endogenous levels following drug treatment, several studies have linked autophagy-related proteins to SMA. Diminished Smn protein levels are known to cause neurite degeneration and non-apoptotic cell death in spinal cord motor neurons of mice (Garcera et al., 2011). This was prevented by overexpression of Bcl-XL - a protein known to inhibit autophagy by binding to Beclin 1 (Pattingre et al., 2005) - without increasing Smn levels in embryonic mouse motor neurons (Garcera et al., 2011). Thus, Smn-depleted motor neurons expressing human Bcl-XL showed significant decreases in LC3-II protein levels (Garcera et al., 2013). This decrease was not observed in controls, suggesting the aforementioned Bcl-XL reduction of LC3-II levels to be specific to the dysregulation caused by Smn knockdown (Garcera et al., 2013).

Furthermore, calpain, a calcium-dependent protease involved in neuronal homeostasis has been suggested to play a role in Smn regulation (Cowan et al., 2008; Fuentes et al., 2010; Yamashima, 2013; de la Fuente et al., 2019). Elevated levels of free cytosolic calcium activate calpains, which in turn inhibit autophagy in an mTOR-independent manner (Kaiser et al., 2006; Williams et al., 2008; Gou-Fabregas et al., 2009). The reduction of endogenous calpain in SMA mice motor neurons resulted in increased autophagy and Smn protein levels (Periyakaruppiah et al., 2016).

Coimmunoprecipitation experiments in SMA mouse motor neurons revealed Smn to interact with p62 (Rodriguez-Muela et al., 2018). Smn protein depletion resulted in increased mTOR signaling activity that was characterized by (i) a reduction in autophagic activity and (ii) a decrease in lysosomal gene expression (Rodriguez-Muela et al., 2018). This was accompanied by increased p62 levels and subsequently a further Smn reduction, which in turn led to elevated mTOR activity (Rodriguez-Muela et al., 2018). In line with this cycle, autophagy induction by starvation in human fibroblasts gave rise to decreased SMN levels, whereas blocking autophagic activity with the lysosomal inhibitors ammonium chloride and leupeptin elevated SMN levels (Rodriguez-Muela et al., 2018). Furthermore, reducing p62 levels promoted motor neuron survival in vitro and increased the lifespan in the SMA fly model as well as SMNdelta7 severe SMA mice (Rodriguez-Muela et al., 2018). Ultimately, SMN depletion further exacerbated the observed autophagic dysregulation in SMA and overall, these findings suggest that SMN levels can be altered by targeting autophagy-related regulators.



Tissue-specificity in SMA

It has been well established that SMA is not solely a motor neuron disease and that SMN depletion results in tissue specific aberrations and multi-organ dysfunction (Shababi et al., 2014; Sansa et al., 2021). In relation to autophagy and SMA, while the skeletal muscle of more severe SMA mice showed a decrease in autophagosome formation and an increase in autophagic flux, motor neurons displayed enhanced autophagosome formation and reduced autophagic flux (Sansa et al., 2021). Investigation into patient fibroblasts also revealed decreased LC3-II and increased p62 levels, suggesting decreased autophagosome number and autophagic flux, respectively. Additionally, it was noted that mTOR phosphorylation was reduced in patient fibroblasts and mouse skeletal muscle cells but increased in motor neurons (Sansa et al., 2021). Ultimately, these studies highlight a dysregulation of autophagy and an accumulation of autophagosomes as contributors to SMA pathogenesis. However, the effect of SMN depletion on autophagic flux remains contradictory; it is still poorly explored whether autophagy is in fact a destructive or beneficial factor underlying SMA development. Furthermore, these findings highlight the challenges that would be presented by targeting autophagy in SMA treatment given the observed differences in tissue-dependent autophagic activity.




Autophagy: a key player in SMA onset with therapeutic implications


Autophagosome accumulation: a key feature in SMA

The autophagic pathway is vital for homeostasis; cell functionality and survival are significantly reduced when autophagosome formation is compromised and autophagic bodies accumulate (Garcera et al., 2013; Custer and Androphy, 2014; Periyakaruppiah et al., 2016; Piras et al., 2017; Rodriguez-Muela et al., 2018; Sansa et al., 2021). In normal circumstances, neurons particularly rely on the autophagic pathway to maintain a healthy environment (Nixon, 2013). However, autophagy is considered a ‘double-edged sword’ which can both contribute to and protect from neuronal damage (Martinet et al., 2009). In neurodegenerative diseases where mutant protein aggregates are observed, it has been suggested that the autophagosome accumulation results in impaired intracellular trafficking and may also become the source of cytotoxic products (Ravikumar et al., 2004; Wong and Cuervo, 2010). While there are no recorded observations of aggregated proteins accumulating in SMA to date, autophagosome accumulation is known to perturb axonal transport which in turn results in neuronal degeneration; a hallmark of SMA pathogenesis observed in vitro and in vivo models (Rossoll et al., 2003; Burghes and Beattie, 2009; Garcera et al., 2011; Lee et al., 2011).



Autophagy modulators: novel therapeutic targets

Pharmacological inhibition of autophagy using 3-methyladenine reduced autophagosome formation, delayed motor neuron degeneration and significantly improved lifespan in severe SMA mice (Piras et al., 2017). These findings imply that while the underlying cause of axonal deficiencies observed in SMA remains unclear, induction of autophagy and subsequent accumulation of autophagosomes may be a major contributing factor; a hypothesis supported by the finding that inhibition of Beclin 1, a regulator of autophagy required for induction, significantly delayed neuronal degeneration (Garcera et al., 2013). Moreover, autophagy induction with rapamycin resulted in decreased SMN and SMNΔ7 levels, suggesting both to be directly regulated by autophagy (Rodriguez-Muela et al., 2018). Furthermore, treatment with rapamycin demonstrated a failure in autophagosome-lysosome fusion and reduced lifespan in severe SMA mice (Custer and Androphy, 2014). While these findings demonstrate a possibility of therapy by inhibiting autophagy, the findings of Periyakaruppiah et al. (2016) put this scenario into question as autophagy induction has also been shown to increase full length SMN protein levels. Nevertheless, three studies agree that autophagic flux is reduced (Custer and Androphy, 2014; Periyakaruppiah et al., 2016; Rodriguez-Muela et al., 2018). Custer and Androphy (2014) suggested the use of new rapamycin analogues as these may be beneficial to stimulate autophagy beyond the capabilities of traditional rapamycin and in turn, overcome the altered autophagic flux levels.



ALS and SMA: autophagy markers in two histopathologically similar motor neuron diseases

As previously mentioned, autophagy has been implicated in a range of neurodegenerative disorders. A prime example is ALS, which presents with aggregation of ubiquitinated proteins (such as SOD1, FUS, and TDP-43), while sharing histopathological findings with SMA (Blokhuis et al., 2013; Comley et al., 2016). In ALS, motor neuron survival is directly affected by an impairment in the autophagic pathway. More specifically, axonal transport defects are suggested to be responsible for the autophagosome accumulation observed in ALS mice (Cozzi and Ferrari, 2022). Autophagy is known to be dysregulated in ALS at different steps of the pathway, which results in autophagosome accumulation and a defective autophagic flux (Song et al., 2012; Lee et al., 2015; Nguyen et al., 2019). The aggregation of ALS-associated SOD1 – an antioxidant enzyme highly mutated in more than 20% of familial ALS cases (Corson et al., 1998; Gruzman et al., 2007; Berdyński et al., 2022) and TDP-43–a protein involved in RNA processing regulation (Hergesheimer et al., 2019) occurs in motor neuron axons and results in autophagy dysregulation (Sasaki, 2011; Wei, 2014; Budini et al., 2017). In ALS, autophagy inhibition by 3-methyladenine does not protect from motor neuron degeneration (as seen in SMA) and was suggested to induce TDP-43 aggregation (Caccamo et al., 2009). On the other hand, autophagy induction by rapamycin reduced TDP-43 accumulation, rescued mRNA processing (a key role of the SMN protein), resulted in migration of TDP-43 to its proper nuclear compartment (Caccamo et al., 2009) and significantly improved neuronal survival in ALS models (Barmada et al., 2014). In line with the protective role of autophagy in motor neuron diseases, it has been shown that motor neuron death due to glutamate-induced toxicity could be the result of autophagic pathway impairment (Fulceri et al., 2011). Therefore, the role of autophagy in ALS is especially important in the context of SMA given the similarities of the two diseases. The use of rapamycin showed consistency in its ability to improve disease symptoms in both ALS and SMA, while 3-methyladenine highlighted contrasting views (Caccamo et al., 2009; Periyakaruppiah et al., 2016). However, it must be noted that while SMA is a monogenic disease and primarily affects lower motor neurons, the genetic cause of ALS is complex affecting both upper and lower motor neurons (Burghes and Beattie, 2009; Ragagnin et al., 2019). Therefore, while the two diseases share histopathological similarities, the differences observed in modulating autophagy may be due to the distinct mechanisms of neuromuscular disruption underlying ALS but not SMA pathogenesis (Comley et al., 2016).



Autophagy regulators: understanding the mechanisms behind autophagy dysregulation in SMA

Despite an established body of evidence that autophagosome number increases across a variety of SMA models (Garcera et al., 2013; Custer and Androphy, 2014; Periyakaruppiah et al., 2016; Piras et al., 2017; Rodriguez-Muela et al., 2018; Sansa et al., 2021), it is still debated whether autophagic flux is affected and subsequently whether autophagy itself is increased or decreased. Findings point to autophagy perturbations in SMA and an interaction between SMN and p62 has been suggested (Rodriguez-Muela et al., 2018). While it is documented that the SMN protein levels are regulated by the autophagic pathway, it may be of benefit to further understand the interactions between SMN and autophagy regulators. It was previously established that SMN depletion resulted in decreased levels of UBA1 (Lambert-Smith et al., 2020). Mutations in UBA1 are shown to induce a rare, non-SMN gene associated form of SMA with similar clinical symptoms (Ramser et al., 2008). UBA1 was able to regulate autophagy in an ATG7- and ATG3-independent manner in Drosophila, although the exact mechanism remains speculative (Chang et al., 2013). Thus, UBA1 decrease, which inevitably follows SMN depletion, may be contributing to impairments in the autophagic machinery. Moreover, various autophagy marker mRNAs (primarily the autophagy regulator Beclin 1, Atg5, LC3 and p62/SQSTM1) were shown to be elevated in severe SMA mouse models, suggesting dysregulated autophagy induction as a compensatory mechanism in response to disease progression (Oliván et al., 2016). Injection of tetanus toxic heavy chain (TTC) – a recombinant protein known to display neurotrophic capabilities – in SMA mice resulted in neuroprotective effects (Oliván et al., 2016). Interestingly, TTC administration also downregulated Beclin 1, Atg5, LC3 and p62 expression to wildtype levels which implied a return to constitutive autophagy function (Oliván et al., 2016) and highlighted autophagy regulators as potential therapeutic targets. Furthermore, Bcl-2 – a protein derived from the same family as the aforementioned Bcl-XL – is known to regulate autophagy by binding to Beclin 1 and inhibiting the pathway (Marquez and Xu, 2012). This is noteworthy as SMN has been shown to directly interact with Bcl-2 (Iwahashi et al., 1997), further demonstrating the importance of examining the functional interactions of SMN with key autophagy players.

Recent findings suggest an important role for microRNAs (miRNAs) - small RNAs tasked with regulating post-transcriptional gene expression in the pathogenesis of several motor neuron diseases including SMA (Magri et al., 2018). A handful of miRNAs implicated in SMA have also been shown to have a regulatory effect in the autophagic pathway. For example, miRNA-206, a miRNA involved in skeletal muscle that drives development and regenerative pathways at the neuromuscular junction, was upregulated in SMA and potentially delayed motor neuron degeneration, albeit not enough to rescue motor neuron integrity (Valsecchi et al., 2015, 2020). miRNA-206 overexpression in severe SMA mice resulted in improved motor neuron function and lifespan in mammalian models (Valsecchi et al., 2015, 2020). These findings prove to be highly relevant as evidence has suggested that miRNA-206 overexpression also resulted in increased autophagy in head and neck squamous cell carcinoma cells (Li et al., 2020). Similarly, it was found that miRNA-9, which promotes neuronal function/differentiation by activating autophagy was decreased upon SMN depletion (Yuva-Aydemir et al., 2011; Zhang et al., 2015; Magri et al., 2018). Furthermore, miRNA-183, which constitutes a role in axon outgrown (Wang et al., 2017), was found to be overexpression in more severe SMA mice (Kye et al., 2014). Intriguingly, miRNA-183 was established as an inhibitor of the autophagic pathway (Huangfu et al., 2016; Yuan et al., 2018). Kye et al. (2014) suggested that reduced SMN protein levels alter miRNA expression and distribution in neurons, whereas inhibition of miRNA-183 rescued Smn-knockdown axonal phenotypes in rat-derived neurons. Moreover, overexpression of miRNA-23a, a regulator of oligodendrocyte differentiation, increased the lifespan of severe SMA mice and inhibited autophagy (Lin et al., 2013; Si et al., 2018; Kaifer et al., 2019). Similarly, it was found that increased miRNA-146, a regulator of the inflammatory response, induced autophagy, while upregulation of this miRNA was observed in SMA mice (Cheng et al., 2013; Sison et al., 2017; Roy, 2021). Lastly, more severe SMA mice showed a marked reduction of miRNA-132 - which was known to promote dendritic growth and synaptic function - in the spinal cord (Catapano et al., 2016). In contrast, miRNA-132 levels were increased in more severe SMA mice skeletal muscles (Catapano et al., 2016). Interestingly, miRNA-132 overexpression was able to inhibit autophagy and its knockdown resulted in increased LC3 and reduced p62, indicative of autophagy induction (Ucar et al., 2012). Together, these findings clearly highlight the effect of SMN depletion on autophagy regulators. The aforementioned studies reveal the extent to which abnormal miRNA expression is related to disease. Future studies could employ the use of miRNA mimics and inhibitors which are capable of enhancing or rescuing the downregulation of targets, respectively. Additionally, these miRNA mimics and inhibitors should be observed for their effects on the autophagic pathway in the context of SMA. Interestingly. miRNA-155 inhibition which is known to alleviate autophagic flux defects in a pancreatitis mouse model (Wan et al., 2019) was also able to prolong survival in SOD1 mutant mice (Koval et al., 2013; Seto et al., 2018; Gallant-Behm et al., 2019), highlighting that miRNAs could also serve as potential therapeutic targets for SMA.



Mitophagy

A hallmark of neurodegenerative disorders including SMA is the observed structural and functional mitochondrial defects prior to symptom development (Miller et al., 2016); thus, mitophagy – mitochondrial degradation via the macroautophagy pathway - should also be considered. Deguise et al. (2016) observed autophagic vacuoles (autophagosomes and autolysosomes) containing mitochondria in severe SMA mice, suggesting mitophagy to be activated. Importantly, muscle tissue in severe SMA mice revealed an accumulation of dysfunctional mitochondria with reduced clearance as well as a downregulation of mitochondria and lysosomal expressed genes (Chemello et al., 2023). The same study highlighted that apart from reduced mitochondrial clearance, proteins that mark mitochondria for mitophagy (i.e., PINK and Parkin) as well as p62 were also elevated indicating a decline in autophagic flux. Furthermore, Chemello et al. (2023) noted a downregulation of genes involved in lysosomal biogenesis, which may underlie a defect in autophagosome-lysosome fusion. Additionally, type I, II and III SMA patient muscle tissue analysis revealed reduced mitochondrial DNA content (Berger et al., 2003; Ripolone et al., 2015), confirming mitochondrial defects in human samples.

Mitochondria play a key role in the activation of apoptosis (Xiong et al., 2014) and it has been shown that accumulation of autophagosomes resulted in the activation of the apoptotic pathway and subsequently, cell death (Mariño et al., 2014). Piras et al. (2017) hypothesized that the increase in autophagosomes and autolysosomes may be responsible for the degeneration of lower motor neurons in SMNdelta7 severe mice as the increase in autophagosomes is likely to result in increased apoptotic cell death. Moreover, an increase in apoptotic nuclei and reduced levels of antiapoptotic proteins have been observed in more severe SMA mice and patient’s motor neurons, while inhibition of apoptosis has been shown to block motor neuron cell death in SMA stem cell models (Sareen et al., 2012; Sansa et al., 2021). The observed mitochondrial damage is correlated with the severity of the disease; more severe SMA mice present with lower numbers of active mitochondria (Torres-Benito et al., 2011), suggesting that autophagy may in part influence disease phenotype. Therefore, it is possible that the presence of defective mitochondria results in autophagy activation which presents with reduced flux due to the downregulation of lysosomal genes. Thus, autophagosomes accumulate and subsequently signal the apoptotic pathway, resulting in motor neuron death. Ultimately, this may suggest that impaired autophagic flux – and not increased autophagy - could be the causative agent underlying autophagy-related development of symptoms in SMA (Figure 4).
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FIGURE 4
Autophagy in healthy and SMA motor neurons. In healthy motor neurons autophagic stimuli would lead to an increased mitophagy/autophagic activity, degradation and recycling of cellular cargo. In SMA motor neurons, decreased SMN levels result in dysfunctional mitochondria, reduced autophagic activity and downregulation of lysosomal gene expression. These aberrations drive autophagosome accumulation and diminished autophagic flux, potentially leading to apoptotic and non-apoptotic cell death in motor neurons of SMA patients.


The information presented herein highlights the autophagy networks perturbed in SMA and identifies these as a gateway to explore potential therapeutic interventions. While the potential of autophagy modulation holds significant promise, it is necessary to navigate through the appropriate considerations to overcome the boundaries of clinical applicability.




Autophagy as a therapeutic target for SMA: considerations and limitations

It is paramount for SMA researchers to initially consider the stage of autophagy that is mainly affected in SMA. Given the contradictory findings regarding (a) autophagic flux and (b) the lack of verdict on whether autophagy is in fact upregulated in SMA, future research should be aimed at elucidating these discrepancies.

It would be beneficial to study fluorescent probes (i.e., mRFP-EGFP-LC3B) that are degraded by the autolysosome and show specificity for autophagic flux (Chapin et al., 2015). Moreover, the tissue-specificity of autophagic dysregulation in SMA could present a barrier in translating research evidence into clinical practice for SMA patients. Particularly, SMA patient-derived motor neurons displayed a reduced flux while skeletal muscle from SMA mice showed the opposite phenotype, and as such, the development of autophagy-targeted therapy for SMA must account for the varying levels of autophagic activity in different tissues (Sansa et al., 2021). This is equally as relevant when considering the different models used in these studies. For example, severe SMA mice indicated no change in flux according to Piras et al. (2017), although Rodriguez-Muela et al. (2018) documented reduced flux in the same model. On the other hand, more severe SMA mice and type I-III patient fibroblasts exhibited an impaired one (Sansa et al., 2021). Together, this suggests that further analysis is needed to elucidate the autophagic flux defects in severe SMA mice.

It would be of benefit to identify whether the observed therapeutic effects in the context of SMA are a result of autophagic inhibition or a rescue of flux defects in order to consider the stage of autophagy the intended therapy should be acting on. This is of particular importance when considering the literature findings of using the autophagic inhibitor 3-methyladenine (Piras et al., 2017), which we previously mentioned can play a dual role in modulating autophagy (Wu et al., 2010).

Besides, many of the known autophagic activators like rapamycin are known to act through mTOR inhibition; mTOR is also involved in autophagy independent pathways, such as lipid and nucleotide synthesis, protein synthesis, cell growth and immunosuppression (Saxton and Sabatini, 2017). For example, SMA patients present with a higher susceptibility to infection (Deguise and Kothary, 2017) and given the immunosuppression which follows prolonged mTOR inhibition, it may be more advantageous to consider compounds capable of activating autophagy independent of mTOR inhibition. Alternatively, clinicians would be required to regularly monitor liver and renal functions as well as cholesterol and triglycerides, a commonplace practice for patients taking rapamycin for the treatment of other diseases (Kahan et al., 2000).

When identifying potential new agents for treating SMA, one important consideration is that they should be capable of penetrating the blood-brain barrier. Furthermore, sex dependent limitations of treatments for SMA patients must be considered. This is specifically relevant in SMA where the protective capabilities of genetic modifiers such as PLS3 are known to be sex specific (Yanyan et al., 2014). For example, rapamycin-mediated increase in lifespan has been shown to be higher in female than in male mice across various doses (Miller et al., 2014). Therefore, future research should aim at highlighting any potential sex-specific differences following administration of autophagy modulators.

Finally, the identification of any autophagy-targeted treatment(s) should be considered complimentary to the current therapeutic strategies for SMA and administered at the earliest possible stage of the disease. As such, any potential treatments should be studied in combination with current SMA therapies to identify possible interactions.



Conclusions

We have summarized the growing body of evidence which underlies the dysregulation of autophagy in SMA, characterized mainly by an increase in autophagosome number. We speculate that it is the late, degradative stage of autophagy which seems impaired in SMA due to a failure in the lysosome-autophagosome docking and fusion step. It is important to consider the stage at which autophagy becomes dysfunctional in SMA patients before autophagy-targeted treatments can be considered. Subsequently, addressing the outlined limitations of autophagy-targeted treatments would be pivotal in designing specific and accurate treatments for SMA patients. Future research directions should aim to identify (a) the effect of SMN depletion on autophagic flux and (b) the relationship between SMN and the most important autophagy regulators known to be impacted in SMA. We advocate for a redirected research focus in order to unravel the discrepancies regarding autophagic flux which may in turn identify novel modifiers of the disease and lead to more effective therapeutic strategies in SMA.
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Analyzing the ER stress response in ALS patient derived motor neurons identifies druggable neuroprotective targets
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Amyotrophic lateral sclerosis (ALS) is a degenerative motor neuron (MN) disease with severely limited treatment options. Identification of effective treatments has been limited in part by the lack of predictive animal models for complex human disorders. Here, we utilized pharmacologic ER stressors to exacerbate underlying sensitivities conferred by ALS patient genetics in induced pluripotent stem cell (iPSC)-derived motor neurons (MNs). In doing so, we found that thapsigargin and tunicamycin exposure recapitulated ALS-associated degeneration, and that we could rescue this degeneration via MAP4K4 inhibition (MAP4K4i). We subsequently identified mechanisms underlying MAP4K4i-mediated protection by performing phosphoproteomics on iPSC-derived MNs treated with ER stressors ±MAP4K4i. Through these analyses, we found JNK, PKC, and BRAF to be differentially modulated in MAP4K4i-protected MNs, and that inhibitors to these proteins could also rescue MN toxicity. Collectively, this study highlights the value of utilizing ER stressors in ALS patient MNs to identify novel druggable targets.
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1 Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by selective death of motor neurons (MNs) (Brown and Al-Chalabi, 2017). The loss of this cell type in the brain and spinal cord manifests in symptoms of muscle weakness and atrophy, which progress rapidly to paralysis and respiratory failure approximately 1–5 years after diagnosis (Hardiman et al., 2017). Currently, there are only 4 FDA approved treatments for the disease (riluzole, edaravone, and the recently approved relyvrio and tofersen). However, none of these extend life expectancy beyond several months nor improve muscle function in all patient cohorts (Jaiswal, 2019), and only tofersen acts via a widely accepted disease-associated mechanism. Developing efficacious therapeutics for ALS has been particularly challenging in part due to the inaccessibility of human tissue for study. Moreover, animal models fail to recapitulate the variable genetic drivers observed in patients, including coding and non-coding elements, thereby limiting their effectiveness and therapeutic translatability (Petrov et al., 2017).

To overcome this limitation, several studies have employed patient-specific induced pluripotent stem cell (iPSC)-based culture systems to understand ALS pathogenesis as well as evaluate the ability of pre-clinical therapeutic candidates to attenuate disease phenotypes (Dimos et al., 2008; Wainger et al., 2014; Fujimori et al., 2018). iPSC lines have been generated from individuals with a variety of mutations in genetic drivers of the disease (e.g., FUS, C9ORF72, TDP-43, SOD1) as well as more common sporadic forms (Boulting et al., 2011; Burkhardt et al., 2013; Sareen et al., 2013; Kiskinis et al., 2014; Ichiyanagi et al., 2016). Through these models, the field has recapitulated a number of disease-relevant phenotypes in iPSC-derived neuronal cell types, including: altered neurite morphology (Egawa et al., 2012; Chen et al., 2014; Fujimori et al., 2018), disease-specific transcriptional signatures (Workman et al., 2023), increased excitotoxicity (Wainger et al., 2014; Shi et al., 2018), accumulation of intracellular aggregates (Egawa et al., 2012; Naumann et al., 2018; Sun et al., 2018; Shi et al., 2019; Hung et al., 2023), mRNA mis-processing (Melamed et al., 2019), increased apoptotic activity (Kiskinis et al., 2014; Naujock et al., 2016; Wu et al., 2019; Abo-Rady et al., 2020), and increased sensitivity to stressors (Yang et al., 2013; Zhang et al., 2013; Shi et al., 2018). Utilizing these models, it may be possible to identify convergent mechanisms driving MN death in ALS patients, perhaps enabling the development of broadly efficacious therapeutics.

A hallmark of ALS is the accumulation of aggregated proteins, particularly TDP-43 (Brown and Al-Chalabi, 2017). Accumulation of aggregated proteins in the ER lumen can lead to activation of several signaling pathways, including the unfolded protein response (UPR) (Matus et al., 2011). Specifically, the ER chaperone BiP dissociates from three transmembrane receptors (ATF6, IRE1, and PERK) and binds to misfolded proteins. This initial dissociation of BiP leads to activation of downstream signaling events, including proteolytic cleavage of ATF6 in the Golgi, phosphorylation of ATF4 downstream of PERK and eIF2α phosphorylation, and splicing of XBP1 mRNA (downstream of IRE1 activation). Ultimately, these events lead to induction of transcription factors that translocate into the nucleus and activate downstream transcriptional networks with adaptive/cytoprotective or pro-apoptotic outputs including: upregulation of chaperone genes downstream of ATF6, ER associated degradation (ERAD) components via XBP1, and pro-apoptotic machinery via PERK (Hetz et al., 2020). MNs, with characteristically long axonal projections exhibit increased demand on ER-Golgi secretory pathways, ultimately resulting in high levels of basal ER stress. Further, in the case of ALS MNs, several studies demonstrate pathogenic aggregation of disease-associated proteins (e.g., FUS, TDP-43, and SOD1) contributes to increased UPR activity. Coupled with increased basal activation of ER stress, this leads to increased sensitivity to apoptotic signaling, and ultimately death of vulnerable MN subpopulations, implicating proteostasis dysfunction in the pathobiology of ALS (Saxena et al., 2009; Ruegsegger and Saxena, 2016; Rozas et al., 2017; Webster et al., 2017).

Another hallmark of ALS, one often overlooked in cell culture models, includes differential MN vulnerability, where upper MNs in the motor cortex of the brain and lower MNs in the brainstem and spinal cord are disproportionately damaged in patients relative to other CNS cell types (Ferraiuolo et al., 2011; Ragagnin et al., 2019). Studies utilizing stem cell-based differentiation platforms have predominately focused on minimizing heterogeneity in their cultures, potentially overlooking important differences in cell type-specific responses to proteostatic perturbations.

To address these challenges and better recapitulate the MN-specific vulnerability observed in patients with ALS, we employed an established MN differentiation protocol producing cells of lower motor column (LMC) identity, including: MNs, ventral spinal interneurons, and a small number of astroglia (Maury et al., 2015; Neel et al., 2023). We then exposed these cells to chemical inducers of ER stress to exacerbate underlying ER stress signaling. We hypothesized that stressors preferentially affecting the MN cell types within these heterogenous cultures may reflect selective damage of MNs within the diverse spinal cord niche. Through these efforts, we observed that 2 mechanistically distinct ER stressors, thapsigargin (a SERCA inhibitor) and tunicamycin (an N-linked glycosylation inhibitor) synchronously recapitulated the activation of early disease-associated UPR signaling events, along with gross MN toxicity and neurite degradation (henceforth referred to as late-stage MN-specific degenerative phenotypes) in both healthy and ALS patient MNs. We then validated the fidelity of this approach to identify neuroprotective drugs by reproducing the ability of several pharmacological MAP4K4 inhibitors, originally identified by our group, to rescue this ALS MN toxicity. To discover additional neuroprotective effectors downstream of MAP4K4 inhibition, we subsequently performed phosphoproteomics on iPSC-derived MNs after exposure to thapsigargin, with or without protection by MAP4K4 inhibition. In doing so, we identified PKC and BRAF as signaling components downstream of MAP4K4 inhibition, and further showed that commercial inhibitors of these targets also exhibited neuroprotective effects. Collectively, these data demonstrate the effectiveness of utilizing chemical ER stress to exacerbate ALS disease phenotypes in patient-derived cells and that synergizing this platform with proteomics assays allows for identification of druggable targets for neurodegenerative diseases.



2 Results


2.1 ER stress preferentially induced death in MN, but not non-MN, ALS iPSC-derived cell populations

Many studies have implicated ER stress as an underlying mechanism of MN death in ALS, demonstrating changes in solubility and localization of intracellular aggregates upon treatment with ER stress-inducing compounds such as thapsigargin, tunicamycin, and MG132 (Walker et al., 2013; Bhinge et al., 2017; Medinas et al., 2018); however, few have investigated toxicity or unbiased proteomic/phosphoproteomic changes upon perturbation. To investigate the extent to which proteostatic stress initiates preferential MN degeneration in human cells, we first evaluated MN cultures derived from a non-diseased, healthy control 1016A hiPSC line. hiPSCs were differentiated into MNs following an established 15-day embryoid body (EB)-based protocol that recapitulates neurectoderm induction with dual SMAD inhibition, caudalization with retinoic acid (RA), ventralization with Sonic Hedgehog pathway activation, and MN maturation with the neurotrophic factors (BDNF, GDNF), and γ-secretase inhibitor DAPT (Figure 1A; Maury et al., 2015). Following this protocol, ∼80% of cells were neurons (based on the expression of βIII-Tubulin; TUJ1 +), ∼30% of which expressed the mature MN marker Isl1/2 (Isl1/2 +, TUJ1 +) (Figures 1B, C). ISL1/2 and TUJ1 double-positive cells were considered MNs, while the remaining populations were considered non-MN cells (Figure 1B).
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FIGURE 1
ER stressors induce preferential MN death. (A) Schematic of MN differentiation protocol and stressor assay. (B) Quantification of cell types in iPSC-derived MN cultures (1016A healthy control line). MN populations include Isl1/2 +, TUJ1 + immunostained cells, non-MN populations include Isl1/ 2-, TUJ1 + neuronal populations and TUJ1- non-neuronal cells. Nb = 4, nt = 6. (C) Representative immunofluorescent images of iPSC-derived derived MN cultures (1016A healthy control line) in control (DMSO) or ER stress (1 μM compound, 48 h) conditions. (D) Quantification of iPSC-derived MN and non-MN viability 48 h after treatment with increasing concentrations of ER stressors (1016A healthy control line). Nb > 3, nt > 2, two-way ANOVA; Thapsigargin- p = 0.015, Tunicamycin- p = 0.000127. (E) Quantification of iPSC-derived MN and non-MN viability after treatment with 1 μM ER stressors for various lengths of time (1016A healthy control line). Nb = 3, nt = 6, two-way ANOVA; Thapsigargin- p = 0.000215, Tunicamycin- p = 1.64 × 10–33. (F) Comparison of viable non-MNs and viable MNs after TDP-43G298S mutant or SOD1L144F mutant fALS iPSC-derived MN cultures were treated with 48 h 1 μM ER stressors. Nb = 3, nt > 2, 2 tailed unpaired student’s t-test; 47D-Thapsigargin- p = 1.526 × 10–5, 47D-Tunicamycin- p = 1.450 × 10–6, 29D-Thapsigargin- p = 0.02698, 29D-Tunicamycin- p = 6.07742 × 10–7. (G) Quantification of viable MNs from a healthy patient line (1016A) and ALS patient lines (47D-TDP-43G298S or 29D-SOD1L144F) after 48 h of ER stressor exposure. A total of 4 different concentrations of each stressor were tested, in 3 different densities of each line. Nb = 3, nt = 2, three-way ANOVA comparing interaction of cell density and stressor dosage between ALS and control; 47D-Thapsigargin- p = 5.81 × 10–11, 47D-Tunicamycin- p = 1.37 × 10–17, 29D-Thapsigargin- p = 0.515, 29D-Tunicamycin- p = 0.016. Biological replicate experiments denoted as Nb, each with technical replicate experiments nt. Data are mean value ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Since preferential death of MNs in ALS occurs in the spinal cord, comprised of diverse cell types, we then compared the response of MN and non-MN populations in our cultures to challenge with proteotoxic stressors. In doing so, we found that 2 mechanistically distinct ER stressors, thapsigargin and tunicamycin, were preferentially toxic to the MN population compared to the non-MN population, in both a dose- and time-dependent manner (Figures 1C–E). As cellular response to stress can be influenced by culture parameters, we confirmed that this preferential MN toxicity was maintained at a variety of culture densities and MN maturation statuses (Supplementary Figure 1A). Moreover, exposure to the proteasome inhibitor MG132 did not result in preferential MN cell death under the conditions employed here, demonstrating that selective MN death did not result from all forms of proteostatic stress (Supplementary Figures 1B–E), but rather implicated ER stress specifically in preferential MN vulnerability.

We next sought to assess whether induction of ER stress could also potentiate differential cell-type toxicity in MN cultures derived from ALS patients. We used two established ALS patient iPSC lines, each with a heterozygous familial ALS (fALS) mutation–TDP-43G298S/+ (47D) and SOD1L144F/+ (29D) (Boulting et al., 2011; Alami et al., 2014). These fALS patient iPSCs demonstrated comparable pluripotent stem cell properties and differentiation capacities to the 1016A control iPSC line (Neel et al., 2023). Furthermore, both types of fALS patient MNs also similarly displayed enhanced MN vulnerabilities to the ER stressors compared to the non-MN populations (Figure 1F). The observation that both healthy and fALS MN cultures displayed preferential MN degeneration compared to non-MN cell types, adds support to the premise that MNs are intrinsically more vulnerable to ER stressors than other cell types, a result consistent with ALS mouse and hESC stem cell models (Saxena et al., 2009; Thams et al., 2019). Finally, both stressors could be applied to synchronously accelerate MN degeneration in healthy and ALS MN cultures (Figure 1G). We observed a tendency for the ALS MNs to show increased vulnerability to the ER stressors, especially at the highest concentrations of thapsigargin and tunicamycin tested (Figure 1G). As there might be additional polygenic risk factors other than the single fALS mutation in these lines that contribute to this enhanced vulnerability, we cannot exclusively attribute this exacerbated sensitivity to either single fALS mutation itself. However, corroboratory data using isogenic SOD1-A4V-hESC-derived MNs has been reported to show that isogenic ALS MNs have significantly increased sensitivity to an ER stressor like thapsigargin (CPA) compared to the isogenic control MNs (Thams et al., 2019). Together, these data add support to the hypothesis that ALS MNs have enhanced vulnerability to ER stress. Moreover, simultaneously inducing MN degeneration in both healthy and fALS MN cultures enabled the development of a pharmacological human MN survival assay that encompassed both genetic and non-genetic drivers of disease.



2.2 Early UPR signaling preceded destruction of neurites and apoptotic signaling

Thapsigargin and tunicamycin are known inducers of the UPR, a signaling pathway adapted to handle intracellular protein misfolding and hypothesized to contribute to underlying differential MN vulnerability in ALS (Kanekura et al., 2009; Saxena et al., 2009; Saxena and Caroni, 2011; Matus et al., 2013). Although UPR signaling provides an adaptive mechanism to limit ER burden and accumulation of misfolded proteins, prolonged signaling drives apoptosis via the PERK pathway.

To understand the relationship between UPR activation and initiation of preferential death in MNs, we temporally tracked UPR induction in healthy 1016A iPSC-derived MNs upon exposure to 1 μM thapsigargin and tunicamycin. We found that thapsigargin induced phosphorylation of eIF2α to block protein translation 30 min after stressor challenge, with a maximum response after 1 h (Figure 2A, S1E). Tunicamycin addition also led to phosphorylation of eIF2α, although the activation was somewhat slower and less robust, reaching a maximum only 4 h post-exposure (Figure 2A, S1E). We then detected splicing of XBP1 (downstream of IRE1 signaling) for thapsigargin and tunicamycin between 2 and 4 h after treatment (Figure 2A, S1F). Upregulation of the ER resident chaperone BiP was rapidly initiated, with increases at the mRNA level between 1 and 4 h after each stressor addition, and increases in protein levels by 8 and 24 h (Figures 2A, B, S1G). The induction of the pro-apoptotic transcription factor CHOP displayed a similar expression pattern to BiP upregulation, with mRNA increases between 1 and 4 h after each stressor treatment, and increases in protein levels by 8 and 24 h (Figures 2A, B, S1H).
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FIGURE 2
Unfolded protein response signaling drives neuritic damage and MN apoptosis. (A) Western blot and splicing-PCR analyses of iPSC-derived MN cultures (1016A healthy control line) treated with either DMSO, 1 μM thapsigargin or 1 μM tunicamycin for various times. Nb = 3. (B) qRT-PCR analyses of iPSC-derived MN cultures (1016A healthy control line) treated with DMSO, 1 μM thapsigargin or 1 μM tunicamycin for various points. ΔΔCt values are graphed, normalizing target gene qPCR Ct values (BiP or CHOP) to housekeeping gene Ct values (GAPDH) and then calculating the fold change of this normalized Ct value to control conditions such that DMSO = 1 at all-time points. Nb = 3, nt = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA. (C) The percentage of apoptotic MNs (1016A healthy control line) in control (DMSO), 1 μM thapsigargin, or 1 μM tunicamycin stress conditions, quantified by the number of TUNEL + MNs (Isl1/2 +) per total MN numbers (Isl1/2 +). Nb = 3, nt > 4, 2 tailed unpaired student’s t-test; Thapsigargin- p = 0.02853, Tunicamycin- p = 0.0011. (D) Quantification of MN viability in 1016A healthy control iPSC-derived cultures treated with either control vehicle (DMSO), stressors alone (1 μM thapsigargin or tunicamycin), or stressors with a pan-caspase inhibitor (100 μM Z-VAD-FMK). Nb = 3, nt > 2, 2 tailed unpaired student’s t-test; Thapsigargin- p = 0.011583, Tunicamycin- p = 0.018997. (E) Quantification of total neurite length (μm) after 1016A healthy control iPSC-derived MNs were exposed to 1 μM ER stressors for increasing amounts of time. Nb = 3, nt = 6, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA with Tukey’s hsd post-hoc test. (F) Temporal schematic of UPR-associated signaling events occurring post-treatment with thapsigargin or tunicamycin in iPSC-derived MNs. Biological replicate experiments denoted as Nb, each with technical replicate experiments nt. Data are mean value ± SEM.


ER stress signaling after 8–24 h exposure to thapsigargin and tunicamycin resulted in the cleavage of caspase 3 (Figure 2A, S1I) and coincided with an increase in the percentage of TUNEL + MNs (Figure 2C). About half of the MN death caused by thapsigargin and tunicamycin treatment was also prevented by the addition of a pan-caspase apoptosis inhibitor Z-VAD-FMK, demonstrating that the selective MN toxicity was due in part to apoptosis (Figure 2D). Furthermore, apoptotic death was coincident with and often preceded by degeneration of neurites extending from the neuronal soma, which was observed with both live cell imaging (Supplementary Video Files 1–3) and high throughput neurite tracking software (Figure 2E). Moreover, like the healthy control MNs, the ALS iPSC-derived MNs similarly induced UPR responsive genes (e.g., ATF6, BiP, CHOP, IRE1) after thapsigargin exposure (Supplementary Figure 1J). Taken together, these data generate a temporal guide of ER stress activation in iPSC-derived MNs, suggesting prolonged ER stress (>8 h) leads to death of vulnerable MN populations via apoptosis. Additionally, these results indicate a dosing paradigm in which potential protective compounds could be evaluated for their ability to attenuate ER stress-associated toxicity. The observed temporal order of UPR-associated signaling events post-addition of thapsigargin and tunicamycin is summarized in Figure 2F.



2.3 Pharmacologic inhibition of MAP4K4 preserved ALS patient MN viability to a greater extent than current ALS therapeutics

We next sought to determine the extent to which the above defined ER stress MN platform could be rescued with current therapeutics. To do this, we assessed the protective effects of two FDA approved treatments for ALS, riluzole and edaravone, in healthy control 1016A MNs exposed to 1 μM thapsigargin stress. Interestingly, we found that none of the concentrations of riluzole and edaravone tested (10 nM–10 μM) protected from the toxicity caused by ER stress, as measured by the number of viable MNs and neurite architecture (Figures 3A, B). Failure of these compounds to confer MN protection could be due either to (1) the elicited ER stress being too profound for rescue, (2) misaligned kinetics of stressor and drug in a co-treatment paradigm, or (3) the distinct non-ER related mechanism of action of these drugs. To rule out the first point that our ER stress assay was unresolvable, we performed the same ER stress experiment, but this time added kenpaullone, a kinase inhibitor found originally by our group to broadly protect murine and human MNs in various cellular culture systems (Yang et al., 2013; Reinhardt et al., 2019; Thams et al., 2019). Consistent with these previous studies, we found that treatment with kenpaullone dramatically improved human MN survival in response to both ER stressors, in healthy control 1016A, TDP-43, and SOD1 fALS patient iPSC-derived MNs (Figure 3C). This preservation of MN viability coincided with the maintenance of TUJ1 + neuritic networks (Figure 3D). As MN death via thapsigargin and tunicamycin could be attenuated, these data implied that the ER stress assays were not unresolvable, that MN protectants could indeed be identified, and that riluzole and edaravone were not functionally protective against the ER stress. To the possibilities that ER stressor/ALS drug kinetics were not optimized or that the ALS drugs work in non-ER related assays or specific ALS patient cohorts, corroboratory data in a large (∼50) ALS iPSC-derived cohort using extended maturation times (>45 days in culture) to reveal ALS MN neurite regression, cytotoxicity, and FUS + or phosphorylated-TDP-43 + protein aggregates, has also demonstrated that riluzole and edaravone fail to protect against these degenerative phenotypes in ALS MNs (Fujimori et al., 2018). Together, this study and our work support the interpretation that riluzole and edaravone do not robustly protect human MNs, and that the inefficacy of these drugs are not likely due to the stressor employed, drug kinetics/dynamics, or a differential response from certain ALS patient lines.
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FIGURE 3
MAP4K4 inhibitors preserve MN viability better than the current FDA approved ALS drugs without reducing UPR induction. (A) Quantification of MN viability in 1016A healthy control iPSC-derived cultures treated for 48 h with various doses of Riluzole or Edaravone in 1 μM thapsigargin. Nb = 3, nt = 3. (B) Representative immunofluorescent staining of 1016A healthy control iPSC derived MNs in control (DMSO), thapsigargin, or Riluzole/Edaravone thapsigargin treated conditions. (C) Quantification of healthy patient MN viability (1016A) or ALS patient MN viability (47-TDP-43G298S mutant or 29D-SOD1L144F mutant) after 48 h treatment with various doses of kenpaullone or MAP4K4 inhibitor 29 in ER stress conditions (1 μM thapsigargin or tunicamycin). Nb = 3, nt = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA with Tukey’s hsd post-hoc test. (D) Representative immunofluorescent images of ALS TDP-43G298S mutant patient derived MN cultures in control (DMSO), ER stress, or ER stress and kenpaullone/MAP4K4 inhibitor 29 rescued conditions. (E) Western blot analyses of BiP and CHOP in 1016A healthy control iPSC-derived MN cultures treated with either DMSO vehicle, 3 μM kenpaullone, 5 μM MAP4K4i, 1 μM thapsigargin, or kenpaullone/MAP4K4i in thapsigargin. Nb = 3. Biological replicate experiments denoted as Nb, each with technical replicate experiments nt. Data are mean value ± SEM.


As kenpaullone had such a pronounced ability to protect patient MNs, but has multiple cellular targets (Leost et al., 2000; Yang et al., 2013) and is unlikely to be CNS penetrant (Kitabayashi et al., 2019), we aimed to gain further insight into its protective effects in the hopes of identifying additional, druggable targets for MN degeneration in ALS. Previous work indicated that MAP4K4 was among the kinases inhibited by kenpaullone (Yang et al., 2013) and that inhibition of MAP4K4 alone was sufficient to protect against trophic factor withdrawal-induced ALS MN degeneration (Wu et al., 2019). Therefore, we next tested whether treatment with a more selective compound inhibitor of MAP4K4 (MAP4K4 inhibitor 29), (Crawford et al., 2014) would also confer protection from ER stress. We found that MAP4K4 inhibitor 29 indeed protected viability and neurite morphology in response to both ER stressors, in control 1016A, TDP-43, and SOD1 fALS patient MNs, similar to kenpaullone (Figures 3C, D). In addition to confirming the robustness of our platform for modeling ER stress-associated MN toxicity and finding neuroprotective drugs, these results provide further evidence that inhibition of MAPK4K is protective of MNs.



2.4 Pharmacological MAP4K4 inhibition protected MNs against ER stress-associated toxicity despite UPR induction

Since exposure to thapsigargin and tunicamycin rapidly upregulates UPR-associated signaling pathways eventually leading to cell death, we sought to explore whether kenpaullone and MAP4K4 inhibition protected against ER stress by directly blocking these signaling cascades. To test this, we exposed healthy control 1016A iPSC-derived MNs to thapsigargin in the presence or absence of kenpaullone or MAP4K4 inhibitor 29 and evaluated protein level expression of the chaperone BiP and the stress induced transcription factor CHOP via Western blot. We observed sustained upregulation of both BiP and CHOP in cultures treated with kenpaullone or the MAP4K4 inhibitor (Figure 3E), consistent with a mechanism independent of blocked UPR induction.



2.5 Phosphoproteomic analyses identified JNK, PKC, and BRAF as convergent cellular perturbations of protective MAP4K4 inhibitors

Results thus far demonstrated the ability of kenpaullone and a MAP4K4 inhibitor to protect against MN death under various conditions, corroborating Wu et al. (2019). However, MAP4K4 shares a high degree of structural similarity to other upstream MAP kinases, including MINK1, with nearly 100% sequence homology at the kinase ATP-binding pocket. Moreover, studies have demonstrated that small molecule inhibitors of MAP4K4 also target additional kinases including MINK1 and TNIK (Larhammar et al., 2017; Bos et al., 2019). As a result, we sought to further define the landscape underlying pharmacological MN protection conferred by MAP4K4 inhibition in the presence of prolonged ER stress. To do so, we performed global phosphoproteomic analyses on healthy control 1016A iPSC-derived MN cultures treated with thapsigargin in the presence or absence of kenpaullone or MAP4K4 inhibitor 29 (Supplementary Figure 2A). To best capture more late stage degenerative signaling pathways, while still ensuring detection of protective signaling pathways in populations of surviving cells, total protein lysates from MN cultures were collected at 24 and 48 h, after treatment with a low dose of thapsigargin (0.1 vs. 1 μM) (Supplementary Figure 2A).

From 2 biological replicate experiments, a total of 67,357 and 59,708 peptides, and 28,399 and 28,973 phosphopeptides were quantified. This corresponded to 6,697 unique proteins, 2,764 unique phosphoproteins and 7,999 non-redundant phosphorylation sites, with the changes in phospho-site abundance being normalized to protein levels when possible (Supplementary Table 1 and Supplementary Data Set 1). We first observed that thapsigargin treatment alone drove the largest alterations in the proteome and phosphoproteome (Figure 4A, S2B). Significantly upregulated proteins in thapsigargin treated conditions included the ER chaperone BiP (HSPA5) and the pro-apoptotic protein Bcl-2 binding protein 3 (BBC3), consistent with our results showing thapsigargin induces UPR-driven apoptosis in human MNs (Figures 2, 4A). Gene ontology analysis of significantly upregulated proteins (FDR < 0.05) in thapsigargin-stressed cells revealed enriched terms including “response to endoplasmic reticulum stress” and “positive regulation of cytosolic calcium ion concentration” (Figure 4B), consistent with known effects of thapsigargin as an inhibitor of the ER calcium ATPase pump (cytosol to ER calcium transporter).
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FIGURE 4
Proteomic and phosphoproteomic analyses of degenerating MNs protected with MAP4K4 inhibitors. (A) Volcano plot of all proteins quantified in the proteomics dataset. Individual proteins are represented as single dots. (B) Gene ontology analyses of significantly upregulated proteins in response to thapsigargin treatment. (C) Volcano plot of all phosphoproteins quantified in the phosphoproteomics dataset. Individual phosphoproteins are represented as single dots, with round shapes indicating normalized phosphoprotein levels (to protein levels), and diamond shapes indicating non-normalized phosphoprotein levels (due to lack of non-phosphorylated protein quantification). Selected phosphoproteins are annotated with the phosphorylation site position indicated as a superscript. (D) Gene ontology analyses of the significantly upregulated phosphoproteins or downregulated phosphoproteins in response to kenpaullone treatment. (E) Unbiased hierarchical clustering of kinases whose phosphosubstrates were perturbed with compound treatments [identified by kinase-substrate enrichment analyses (KSEA)]. z-scores of each experiment are plotted, with asterisks denoting FDR q-values < 0.05. Red boxes indicate upregulated kinase substrates; blue boxes indicate downregulated kinase substrates. *FDR q-values <0.05.


In addition to thapsigargin, we observed that kenpaullone exposure significantly perturbed the phosphoproteome (Figure 4C, S2C). As expected, known targets of kenpaullone, including phosphorylated MAP4K4 and GSK3β/α, were notably decreased with kenpaullone treatment alone (Figure 4C). Moreover, gene ontology terms of the significantly dysregulated proteins from kenpaullone treatment largely indicated changes in neuron extension processes, including: “positive regulation of axon extension,” “neuron projection development,” “dendrite morphogenesis,” and “microtubule cytoskeleton organization” (Figure 4D), with the main drivers of these changes including the microtubule plus-end tracking protein CLASP2, the neuronal guidance microtubule assembly protein DPYSL2, and the microtubule associated proteins MAP1B and MAPT (Figure 4C). Since cultures treated with the more selective MAP4K4 inhibitor 29 did not exhibit changes in these microtubule proteins, it is likely that these phosphoproteomic changes were due to kenpaullone’s dual inhibition of GSK3β and CDK5, rather than MAP4K4 inhibition, consistent with previously published work (Reinhardt et al., 2019). Downregulation of “apoptotic signaling pathways” was also observed in the gene ontology terms (Figure 4D), further supporting the pro-survival effect observed with kenpaullone treatment.

As treatment with the MAP4K4 inhibitor resulted in few, if any, statistically significant changes in individual proteins, we next utilized pathway enrichment analyses on the total datasets to interrogate how incremental changes in functional groups of proteins might be conferring protection by MAP4K4 inhibitor 29. Unbiased hierarchical clustering of kinase-substrate enrichment analyses revealed several kinase pathways commonly downregulated by both kenpaullone and MAP4K4 inhibitor 29 (Figure 4E), including an expected decrease in the JNK pathway (annotated as MAPK8/9/10), a known downstream pro-apoptotic target of MAP4K4 signaling. Additionally, several unexpected targets were commonly altered between kenpaullone and MAP4K4 inhibitor 29 treatment, including protein kinase family members (PRKD1, PRKCG, PRKC1, PRKCB, PRKCE) as well as RAFs (BRAF, ARAF, RAF1), suggesting that these proteins might also play a neuroprotective role in MNs. Since Kenpaullone and MAP4K4 inhibitors both demonstrate a similar degree of MN protection, we were most interested in pursuing protective targets that were shared between the two compounds. This ultimately led us to pursue the JNK, PKC and RAF targets further. However, there remains a wealth of information in the proteomics dataset that can continue to be interrogated for identification of functional MN protectants. We have categorized all protective processes and targets implicated for each compound into discrete functional groups in Supplementary Table 2.



2.6 Small molecule inhibitors to JNK, PKC, and BRAF prevented ER stress-associated MN death

To next assess if the shared pathways dysregulated by kenpaullone and MAP4K4 inhibitor 29 were functionally consequential in MN survival, we tested selective small molecule inhibitors of JNK (SP600125), PKC (Enzastaurin), and BRAF (GDC-0879) in an 8-point dose response survival curve on healthy control 1016A MNs treated with thapsigargin stress. In line with our work and that of others implicating JNK signaling in ALS MN degeneration (Bhinge et al., 2017; Wu et al., 2019), we observed that the JNK inhibitor SP600125, as well as the PKC inhibitor Enzastaurin and the BRAF inhibitor GDC-0879, all preserved MN viability and TUJ1 + neurite networks to levels comparable to those obtained with kenpaullone or MAP4K4 inhibitor 29 (Figures 5A, B). These small molecule inhibitors also significantly protected MN numbers and neurite morphology in the presence of tunicamycin stress (Figures 5C, D), indicating the protection was not thapsigargin-specific.
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FIGURE 5
Small molecule inhibitors to JNK, PKC, and BRAF are MN protective compounds. (A) Representative immunofluorescent images of healthy control 1016A iPSC-derived MN cultures in control (DMSO), thapsigargin stress, or small-molecule-inhibitor-rescued conditions. (B) Quantification of MN viability in healthy control 1016A iPSC-derived MN cultures after 48 h treatment with various doses of small molecule inhibitors in 1 μM thapsigargin. A total of 3 μM kenpaullone or 5 μM MAP4K4i in thapsigargin stress were used as positive controls, DMSO vehicle only as a negative control. Nb ≥ 3, nt = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA with Tukey’s hsd post-hoc test. (C) Representative immunofluorescent images of healthy control 1016A iPSC-derived MN cultures treated with control vehicle (DMSO), 1 μM tunicamycin, or 1 μM tunicamycin with 5 μM small molecule-inhibitors. (D) Quantification of MN viability in healthy control 1016A iPSC-derived MN cultures after 48 h treatment with various doses of small molecule inhibitors in 1 μM tunicamycin. A total of 3 μM kenpaullone or 5 μM MAP4K4i in tunicamycin stress were used as positive controls, DMSO vehicle only as a negative control. Please note that values for tunicamycin, kenpaullone and MAP4K4i rescue in Enzastaurin and GDC-0879 dose curves are the same as these experiments were performed on the same plate. Nb = 3, nt = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA with Tukey’s hsd post-hoc test. Biological replicate experiments denoted as Nb, each with technical replicate experiments nt. Data are mean value ± SEM.





3 Discussion

Amyotrophic lateral sclerosis is an extremely complex MN disease with few therapeutic options. Recent advances in generating MNs from healthy control and ALS patient iPSCs have greatly helped address limitations of traditional rodent models and improved drug discovery by enabling scalable production of affected cells for high-throughput drug screening (Dimos et al., 2008; Fujimori et al., 2018). Here, we sought to build upon traditional iPSC models of ALS by inducing chemical ER stress in ALS patient MN cultures, and subsequently employing mass spectrometry to identify pathways altered downstream of ER stress-induced toxicity. In doing so, we observed that chemical ER stressors led to activation of the UPR, neurite degeneration, and preferential MN death, in both healthy control and ALS patient MN cultures. We further found that these culture systems could predict neuroprotective targets discovered in other ALS models, and identified several novel neuroprotective agents, including a PKC inhibitor Enzastaurin and an FDA approved BRAF inhibitor GDC-0879.

One hallmark of ALS sometimes overlooked in cell culture models, includes differential MN vulnerability, where upper MNs in the motor cortex of the brain and lower MNs in the brainstem and spinal cord are disproportionately damaged in patients relative to other CNS cell types (Ferraiuolo et al., 2011; Ragagnin et al., 2019). To recapitulate this phenomenon in our model, we employed a MN differentiation protocol known to produce MNs as well as non-MN cell types of LMC identity, including interneurons and glia. Consistent with our reasoning, utilizing the heterogeneous culture of cells produced by this differentiation protocol, we observed that 2 mechanistically distinct ER stressors were both preferentially toxic to MNs compared to non-MN cell types in healthy and ALS patient cultures, demonstrating our model recapitulates this differential sensitivity and supports the proposition that perturbed ER homeostasis underlies intrinsic MN vulnerability in disease. Furthermore, as this MN selective phenotype was not observed with MG132, this indicates that different forms of proteostatic stress result in differential MN sensitivities.

Several studies suggest ER stress may underlie preferential toxicity of MNs relative to other neuronal populations in CNS disorders other than ALS. One example is Spinal Muscular Atrophy (SMA), a degenerative MN disease caused by a deficiency of the Survival of Motor Neuron (SMN) protein due to mutations in the SMN1 gene (Ng et al., 2015). Similar to ALS, in SMA, MNs are the most affected cell population–despite SMN being expressed equally across cell types. Previous work has demonstrated that SMA iPSC-derived MNs exhibited increased levels of UPR signaling components (e.g., ATF6, sXBP1, PERK, CHOP) compared to healthy control iPSC-derived MNs, and that inhibiting ER stress rescued SMA MN toxicity and other disease-associated phenotypes (e.g., SMN levels) (Ng et al., 2015). Together, these data as well as those reported here provide support for the hypothesis that MNs are intrinsically more vulnerable to ER stress, and that this vulnerability may underlie the cell-type specific degeneration observed in ALS, SMA, and other MN diseases.

As ALS is commonly sporadic with complex environmental and age-related dysfunctions significantly contributing to disease, it was important that selective vulnerability of MNs not only be observed in ALS MNs but in healthy control MNs as well. We reasoned that inducing human MN degeneration, even in MNs not affected with a defined fALS mutation, would aid in the identification of neuroprotective agents that would be effective against multiple forms of MN disease (Yang et al., 2013). Demonstrating that thapsigargin and tunicamycin universally caused an ALS-associated phenotype of preferential MN degeneration in all human MN cultures in an accelerated and reproducible timeline enabled development of a drug discovery platform compatible for high throughput drug screening assays compared to extended culture systems typically used.

To be useful for ALS drug discovery, screening-based assays must demonstrate an ability to predict neuroprotective drugs. We demonstrated this potential in our ER stressor assays using kenpaullone, a published MN protective agent identified by our group (Yang et al., 2013) and validated by others (Reinhardt et al., 2019; Thams et al., 2019), as well as a small molecule inhibitor to MAP4K4, one of kenpaullone’s targets (Yang et al., 2013; Crawford et al., 2014). We found that both compounds were able to increase control, SOD1 and TDP-43 fALS MN viability and neurite morphology, and that this rescue was greater than that of riluzole or edaravone, 2 FDA approved drugs for ALS. The inefficacy of riluzole and edaravone to confer neuroprotection is important to note. Our results are indeed largely consistent with those from the Okano group (Yang et al., 2013; Fujimori et al., 2018) who also demonstrated that these ALS treatments failed to protect against ALS MN neurite regression, cytotoxicity, and FUS + or phosphorylated-TDP-43 + protein aggregates following extended culture maturation times (∼ 40–70 days). The inefficacy of both compounds in these platforms is unlikely due to a limitation of either assay to detect protective compounds with mechanistically distinct actions. Since riluzole and edaravone both only modestly prolong patient survival and improve motor function, these data leave open the possibility that drugs with more robust in vitro MN protective activity may benefit patients more than the existing ALS treatments (Andrews et al., 2020; Samadhiya et al., 2022; Witzel et al., 2022).

In this study, we combined the scalability of human stem cell-based MN cultures with mass spectrometry to capture the entire proteomic and phosphoproteomic temporal landscape in MNs exposed to degenerative stress or protective small molecules. In doing so, we observed expected molecular changes, including decreased JNK and cJUN signaling with both MN protective agents kenpaullone and MAP4K4 inhibitor 29, and that pharmacological reduction of this signaling pathway with a JNK inhibitor (SP600125) was protective. Moreover, we discovered that protein kinase family members (PRKD1, PRKCG, PRKC1, PRKCB, PRKCE) and RAFs were also significantly dysregulated with kenpaullone and MAP4K4 inhibitor 29, and identified Enzastaurin (a PKC inhibitor), and GDC-0879 (a B-RAF inhibitor), as protective in our ER stress MN assay. Enzastaurin has been determined to be well-tolerated in clinical trials (Ma and Rosen, 2007; Bourhill et al., 2017), and GDC-0879 is already in clinical development for certain cancers, highlighting the notion that current drugs may be re-purposed for ALS therapeutics.

In a variety of studies, PKC and BRAF have been associated with neuronal viability in a context-dependent manner (Nishizuka, 1986; Kolch, 2001; Tanaka and Koike, 2001; Wiese et al., 2001; Zhu et al., 2004; Frebel and Wiese, 2006). Here, in ALS patient-specific iPSC-derived MNs, we observed a neuroprotective effect for PKC inhibition via Enzastaurin, that we speculate to be via activation of the AKT pro-survival pathway based on data from rat cerebellar granule cell neurons (Zhu et al., 2004). BRAF is a proto-oncogene with reported roles in embryonic MN and sensory neuron survival in response to neurotrophic factors (Wiese et al., 2001; Davies et al., 2002). Compound inhibitors to BRAF, including GDC-087, target the BRAFV600E/K tumors, exhibiting paradoxical activation of the MEK/ERK pro-survival pathway in cells with BRAFWT via RAF transactivation (Agianian and Gavathiotis, 2018; Sieber et al., 2018; Uenaka et al., 2018). Here, we speculate that BRAF inhibition with GDC-0879 protects patient MNs challenged with ER stress due to restored activation of MAPK/ERK pro-survival signaling.

Ultimately, these data demonstrate that pharmacologic ER stress induces toxicity in iPSC-derived cultures by initiating the UPR and apoptosis, resulting in neurite degeneration and MN death (Figure 6A). By combining this model of MN toxicity with proteomics and phosphoproteomics, we identified druggable targets capable of protecting ALS MNs from ER stress-associated toxicity, including PKC and BRAF signaling components (Figure 6B). Despite this, however, understanding the precise mechanisms by which small molecules utilized in this study (MAP4K4, BRAF, JNK, and PKC inhibitors) attenuate MN damage downstream of ER stress requires further exploration. For example, it remains unclear how MAP4K4 is activated in instances of ER stress and MN death. We hypothesize either an intracellular activation mechanism related to UPR signaling and/or an extracellular activation mechanism via a secreted protein or receptor activation (Figure 6B, lower panel). Moreover, the neuroprotective mechanisms underlying Enzastaurin and GDC-0879 remain unclear. Despite these opportunities for future investigation, these data demonstrate the utility of exacerbating ER stress in patient-derived MNs in a scalable manner to identify pathways underlying MN toxicity in disease and identify novel neuroprotective compounds.
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FIGURE 6
Model of ER stress induced preferential MN degeneration and pharmacological protection. ER stress induced preferential MN degeneration in both healthy and ALS patient MN cultures, and small molecule inhibitors to intracellular signaling pathways could protect against this MN degeneration. (A) In conditions of ER stress, the unfolded protein response was activated, with (1) PERK-mediated phosphorylation of eIF2α and (2) IRE1-mediated splicing of XBP1 upregulating protein folding chaperones BIP (3), ER associated degradation (ERAD) proteins, and lipid and amino acid biosynthesis. With chronic/prolonged UPR signaling, apoptotic proteins like CHOP were upregulated and caspase 3 was cleaved (4), driving neurite degeneration and MN apoptosis (5). (B) In the presence of neuroprotective compounds, ER stress induced MN death was attenuated. (1) Kenpaullone mediated MN protection through the dual inhibition of GSK3β and CDKs, which reduced the aberrant hyperphosphorylation of microtubule associated proteins, as well as through the inhibition of MAP4K4. (2) MAP4K4 inhibition by kenpaullone or the more selective MAP4K4 inhibitor 29 (Mi-29) promoted MN protection by attenuating the pro-apoptotic JNK/cJUN pathway. Specific inhibition of JNK with SP600125 additionally conferred MN protection. PKC and BRAF were additional proteins commonly dysregulated by the protective agents kenpaullone and MAP4K4 inhibitor 29, and a BRAF inhibitor GDC-0879 (3) and a PKC inhibitor Enzastaurin (4) also functionally promoted MN protection. Proteins and pathways experimentally determined in this publication are colored with black arrows. Proteins and pathways not experimentally detected in this publication, but with literature support, are non-colored with dashed gray arrows.




4 Materials and methods


4.1 hiPSC culture

All human induced pluripotent stem cell (hiPSC) culture was performed with approval by the institutional review board and the Harvard Committee on the Use of Human Subjects. hiPSC cultures were maintained at 37°C with 5% CO2 in a Thermo Fisher Scientific biological incubator. hiPSCs were cultured with supplemented StemFlex medium (Thermo Fisher Scientific) on Matrigel-coated (BD Biosciences) tissue culture plates. Cells were fed every other day and passaged at ∼80% confluency using 5 min of room temperature 0.5 mM EDTA (Life Technologies) followed by mechanical disruption with a cell lifter. All cell lines were confirmed genotypically correct, karyotypically normal by analysis of 20 metaphase spreads by Cell Line Genetics or WiCell Cytogenetics, and free of mycoplasma contamination using the LookOut Mycoplasma PCR Detection Kit (Sigma Aldrich) or the MycoAlert PLUS Mycoplasma Detection Kit (Lonza).



4.2 MN differentiation and dissociation

hiPSCs were differentiated into MNs as described previously (Maury et al., 2015; Neel et al., 2023). Briefly, confluent (60–90%) hiPSC cultures were first detached from Matrigel (BD Biosciences) coated plates and dissociated into single cells using 37°C Accutase (Stem Cell Technologies) for ∼5 min. Accutase was quenched and single cells were seeded for differentiation in suspension at a density of 1 × 106 cells/mL in complete mTeSR media (Stem Cell Technologies) supplemented with 10 ng/mL FGF2 (Peprotech) and 10 μM ROCK-inhibitor Y-27632 (Stemgent). A total of 24 h after seeding, cells were filtered through a 100 μm cell strainer (VWR) and additional, equal volume complete mTeSR media (Stem Cell Technologies) was added. A total of 48 h after seeding (differentiation day 0), mTeSR media was replaced with N2B27 MN differentiation media, composed of a v:v mixture of DMEM/F12 and Neurobasal media (Life Technologies), supplemented with 1% N2 (Life Technologies), 2% B27 (Life Technologies), 1% Pen-Strep (Life Technologies), 1% Glutamax (Life Technologies), 0.1% beta-mercaptoethanol (βME, Life Technologies), and 20 μM ascorbic acid (Sigma Aldrich). Day 0 and day 1 of differentiation, N2B27 MN differentiation media was supplemented with 10 μM SB-431542 (R&D Systems), 100 nM LDN-193189 (ReproCELL), and 3 μM CHIR-99021 (ReproCELL). Day 2 and Day 4, differentiation media was supplemented with 10 μM SB-431542, 100 nM LDN-193189, 3 μM CHIR-99021, 1 μM retinoic acid (Sigma Aldrich), and 1 μM smoothened agonist (DNSK International, LLC). Day 5, differentiation media was supplemented with 1 μM retinoic acid, and 1 μM smoothened agonist, Day 7 with 1 μM retinoic acid, 1 μM smoothened agonist, and 20 ng/mL brain derived neurotrophic factor (BDNF, R&D Systems). Day 9, differentiation media was supplemented with 1 μM retinoic acid, 1 μM smoothened agonist, 20 ng/mL BDNF, and 10 μM DAPT (R&D Systems). Day 11 and 13, differentiation media was supplemented with 1 μM retinoic acid, 1 μM smoothened agonist, 20 ng/mL BDNF, 10 μM DAPT, and 20 ng/mL glial derived neurotrophic factor (GDNF, R&D Systems).

Day 15 of differentiation, embryoid bodies (EBs) were collected, washed once with 1x phosphate buffer solution (PBS) without calcium and magnesium (VWR), and dissociated with 0.25% Trypsin-EDTA (Life Technologies) and 50 μg/mL DNase1 (Worthington Biochemical) for 5 min at 37°C with movement. Trypsin was quenched with fetal bovine serum (FBS, Sigma Aldrich), and centrifuged at 400 × g for 5 min. The cell pellet was then resuspended in dissociation buffer, consisting of 5% fetal bovine serum (FBS, Sigma Aldrich), 25 mM glucose, 1% Glutamax, in 1x PBS without calcium and magnesium, and mechanically triturated using a p1000 pipet. Dissociated single cells were pelleted by centrifugation (400 × g, 5 min) and resuspended in complete MN media, consisting of Neurobasal media supplemented with 1% N2, 2% B27, 1% Pen-Strep, 1% Glutamax, 1% Non-essential amino acids (Life Technologies), 0.1% βME, 20 μM ascorbic acid, 20 ng/mL BDNF, GDNF, and CNTF (ciliary neurotrophic factor, R&D Systems), and 10 μM UFDU [v:v Uridine (Sigma Aldrich):Fluorodeoxyuridine (Sigma Aldrich)]. Resuspended dissociated single cells were filtered through a 40 μm cell strainer, counted with a 1:1 trypan blue dilution using an automated cell counter, and plated at the desired density on tissue culture treated plates coated with 1X borate buffer (Life Technologies), 25 μg/mL poly-ornithine (Sigma Aldrich), 5 μg/mL mouse laminin (Life Technologies), and 10 μg/mL fibronectin (VWR).



4.3 ER stressor assays

For survival analyses, dissociated MNs were plated in complete MN media at a density of 50,000 cells/well (unless otherwise indicated) in the inner 60 wells of borate/poly-ornithine/laminin/fibronectin coated 96-well plates (Perkin Elmer). Outer wells were filled with water to avoid evaporation effects. A total of 3 days after plating, 3/4 media was removed and replaced with fresh complete MN media. A total of 6 days after plating, all media was removed, and MN cultures were treated simultaneously with ER stressor media or ER stressors with protective compounds. Unless otherwise indicated in dose response curves, 1 μM of thapsigargin (Sigma Aldrich) or 1 μM tunicamycin (Sigma Aldrich) were used for standard stressor conditions, and 3 μM of kenpaullone (Tocris) and 5 μM of MAP4K4 inhibitor 29 (Genentech) in 1 μM ER stressor media were protective positive controls. A total of 0.1% DMSO (Sigma Aldrich) complete MN media was the negative control, and total concentration of DMSO was equal to 0.1% in all wells. MNs were incubated with stressors, protective compounds, and test compounds, for 48 h and fixed with 4% paraformaldehyde (PFA, VWR) prior to quantitative analysis of Isl1/2 (Abcam), TUJ1 (Biolegend) and Hoechst (Life Technologies) staining as described in Immunofluorescent staining and high content image analysis methods section. All cell counts were expressed as a percentage of surviving DMSO-control cells.

For gene expression analyses, dissociated MNs were plated in complete MN media at a density of 2 × 106 cells/well of 6-well plates coated with borate, poly-ornithine, laminin, and fibronectin. A total of 3 or 6 days after plating, media was removed and MN cultures were treated with 1 μM thapsigargin, tunicamycin, MG132 stressor media, alone or with 3 μM of kenpaullone (Tocris) or 5 μM of MAP4K4 inhibitor 29 (Genentech). Equal concentration DMSO was used as a negative control. Samples were collected at the appropriate timepoints for RNA and protein expression analyses as described in Protein extraction and western blotting and RNA isolation, reverse transcription, and quantitative PCR methods sections.



4.4 Immunofluorescent staining and high content image analysis

Cells were fixed for 15 min at room temperature with 4% paraformaldehyde (PFA, Sigma Aldrich) in PBS, achieved by adding equal volume 8% PFA to equal volume culture media. Fixed cells were gently washed once with PBS, then blocked with 10% normal goat serum, 0.1% Triton X-100 in 1x PBS for 30 min at room temperature. Blocked cells were then incubated for 1 h at room temperature with primary antibodies anti-Isl1/2 (Abcam ab109517, 1:2000) and anti-TUJ1 (Biolegend 801202, 1:2000, or Novus Biologicals NB100-1612, 1:2000). Following primary antibody incubation, cells were gently washed once with PBS, and incubated for 1 h at room temperature with 2 μg/mL Hoechst (Life Technologies H3569) and species-matched, fluorophore-conjugated secondary antibodies (Life Technologies Alexa-488, -546, -555, or -647, 1:1000) diluted in 10% normal goat serum, 0.1% Triton X-100, in PBS. Immunofluorescent labeled cells were gently washed twice with PBS before image acquisition.

High content screening systems [Operetta (PerkinElmer) or ImageXpress (Molecular Devices)] were used for all image acquisition. Images were acquired automatically using a 10x or 20x objective, a solid-state laser light source, and a sCMOS (scientific complementary metal-oxide-semiconductor) camera, corresponding to 9–12 evenly distributed fields per well of each 96-well plate. Using these parameters, at least 2,000 cells were imaged per well of each 96-well plate, with typically >5,000 cells/well with normal assay conditions. Quantitative analyses of these images were then performed using the Columbus/Harmony image analysis software (PerkinElmer). Manually designed scripts were written to define a viable cell population, which consisted of intact, Hoechst-stained nuclei larger than ∼45 μm2 (range 37–55) in surface area and with intensities lower than the threshold brightness of pyknotic nuclei (Supplementary Figures 3A, B). From this viable cell population, the neuron-specific βIII-Tubulin marker was used to define the neuronal population and neurite morphologies (as described below, Supplementary Figure 4). From the viable population, nuclear Isl1/2 antibody staining was used to define the MN population, using intensity thresholds that accurately reflect positive nuclear staining (Supplementary Figure 3C). With these set parameters, total numbers of nuclei, viable neurons, and viable MNs were then quantified automatically across the plate, ensuring unbiased measurements for all test conditions. Images were visually inspected during analysis and script generation, and after analysis to ensure data validity. All cell counts were then expressed as a percentage of surviving DMSO-control cells.

For neurite detection, the CSIRO neurite analysis 2 method (Harmony/Columbus, PerkinElmer) was used on βIII-Tubulin (TUJ1) staining of total Hoechst + nuclei populations. This generated a mask that traced and segmented neuritic processes extending from individual neurons (Supplementary Figure 4). Scripts were optimized per plate to achieve accurate neurite tracking, with the following parameters typically used- smoothing width at ∼2–3 px was used to suppress noise and obtain a single maximum intensity across the neurites with gaussian filtering; linear windows at ∼11px specified the dimension in pixels used to find local βIII-Tubulin intensity maxima and contrast parameters between 1 and 2.5 were used to decrease background noise. Small, spurious objects were eliminated by removal of small diameter objects >3 px, and extraneous lateral projections were cleaned using a debarb length of <9–15 px. Gap closure distance and tree length were optimized to ensure gaps between detected neurites were closed, without making false connections, and that neurite bodies were linked to their corresponding mother cell. All output counts were the values per neuron, averaged per well.

Representative images displayed in figures were cropped using FIJI/ImageJ. All automatic contrast settings in Harmony/Columbus were first disabled. Images were then selected for each condition, saved from the database, and imported into FIJI/ImageJ. A region of interest (ROI) was generated and used for each image per condition, allowing the preservation of equal image scale. Cropped images were then saved as final high-resolution TIFs.



4.5 Automated live cell imaging

Dissociated MNs were plated in complete MN media at a density of 50, 25, and 12.5 K cells/well in the inner 60 wells of borate/poly-ornithine/laminin/fibronectin coated 96-well plates (Greiner). Outer wells were filled with water to avoid evaporation effects. A total of 3 days after plating, 3/4 of the media was removed and replaced with fresh complete MN media. A total of 6 days after plating, and before treatment, the MN culture plate was entered into the Nikon BioStation CT for an initial image acquisition. A 10x objective was used to acquire phase images across the plate with a 4 × 4 stitched tiling capture area equivalent to 3.08 mm × 3.08 mm per well. After an initial image acquisition, the plate was removed, and MN culture media was replaced with stressor media as indicated in ER stressor assays methods section. The plate was then returned to the Nikon BioStation CT for image acquisition every 6 h for 48 h. Final images were then saved as time-lapse video files using CL-Quant software (Nikon) and FIJI/ImageJ was used to select and crop a region of interest for representative video files.



4.6 Protein extraction and western blotting

Protein from 2 × 106 cells was harvested on ice after 1 PBS wash using the Pierce RIPA lysis and extraction buffer (25 mM Tris–HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, Life Technologies) containing fresh protease and phosphatase inhibitors (Life Technologies). Collected samples sat on ice for an additional 30 min and were pulled through a 28G insulin syringe for complete lysis. Protein concentrations were then determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of protein samples (5–20 μg) were diluted in RIPA buffer and βME-Laemmli buffer (Bio-Rad Laboratories) to equal volumes and boiled for 7 min at 95°C. Denatured samples were then loaded and run on Criterion TGX (Tris-Glycine eXtended) precast gels (Bio-Rad) for ∼15 min at 80 V, and then ∼45 min at 150 V. Migrated proteins were transferred from the gels to PVDF membranes using the Trans-Blot Turbo Transfer System (Bio-Rad) and run settings of 2.5A, 25V, for 7 min. Equal loading and complete transfer were checked with Ponceau S (Sigma Aldrich) staining for 30 min, shaking. After removing Ponceau, membranes were blocked for 45 min with shaking in 5% non-fat milk diluted in 1x TBS-T or SuperBlock T20 (Life Technologies) for phosphoproteins. Blocked membranes were incubated with primary antibodies overnight at 4°C, with shaking, using the following primary antibodies: Phospho-eIF2α (Cell Signaling Technology 9721S, 1:1000), eIF2α (Cell Signaling Technology 9722S, 1:1000), GRP78 BiP (Abcam ab21685, 1:1000), CHOP (Cell Signaling Technology 2895T, 1:1000), Cleaved Caspase-3 (Cell Signaling Technology 9664S, 1:1000), Actin (Cell Signaling Technology 3700S, 1:5000), β-Tubulin (Abcam ab6046, 1:10,000), GAPDH (Life Technologies AM4300, 1:5000).

Primary antibody solutions were removed after overnight incubation, and membranes washed 3 times with 1x TBS-T for 5 min. Membranes were then incubated for 1 h, shaking, with species-matched secondary antibodies conjugated to horse radish peroxidase (Goat anti-Rabbit IgG (H + L) HRP, Life Technologies 31460, 1:5,000; Goat anti-Mouse IgG (H + L) HRP, Life Technologies 31430, 1:5000), diluted in block (5% milk or SuperBlock). Following 3 TBS-T washes, chemiluminescent signal was produced using the SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific) and membrane signal was detected on film. All films were scanned using an EPSON scanner without automatic intensity contrast adjustments. Scanned images were cropped and measured for pixel intensity using FIJI/ImageJ. Figure quantifications display fold changes normalized for background film intensity and loading control protein.



4.7 RNA isolation, reverse transcription, and quantitative PCR

Total RNA was isolated from 2 × 106 cells with Trizol (Life Technologies) according to manufacturer’s instructions. Briefly, cells were washed once with 1x PBS, on ice, and lysed with 250 μL Trizol Reagent and mechanical disruption using a cell lifter. A total of 50 μL of chloroform was added to the Trizol-cell extract, and samples were centrifuged at 12,000 × g at 4°C for 15 min. The aqueous phase was collected into a clean Eppendorf tube and 125 μL isopropanol, 15 μg GlycoBlue Coprecipitant (Life Technologies) were added. Samples were incubated for 10 min at room temperature, and then centrifuged at 12,000 × g at 4°C for 10 min. The RNA pellet was washed twice with 250 μL 75% ethanol, air-dried, and resuspended in 30 μL of 1x DNase1 buffer (Life Technologies). A total of 1 μL of amplification grade DNase 1 was then added and incubated for 15 min at room temperature to degrade contaminating genomic DNA. A total of 1 μL of 25 mM EDTA was added to each sample and incubated at 65°C for 10 min to quench the reaction.

Total RNA concentrations were analyzed using a nanodrop, and equal amounts of sample RNA were used to synthesize cDNA using the iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad). Per reaction, 4 μL of 5X iScript RT supermix was combined with 0.5–1 μg of total RNA, with water to a final volume of 20 μL. Sample reactions were then run through the following thermocycler conditions- 5 min at 25°C, 20 min at 46°C, and 1 min at 95°C.

Quantitative PCR (qPCR) was then performed on cDNA samples using Fast SYBR Green (Life Technologies). Per reaction, 5 μL of 2X Fast SYBR Green Master Mix was combined with 1 μL (50 ng) of cDNA sample, 1 μL of 10 μM forward and reverse primer solution, and 3 μL water. The following primer pairs were designed for target transcripts using Primer3Plus and validated using NCBI Blast and Geneious software (GAPDH forward 5′-TGACTTCAACAGCGACACCCA-3′, GAPDH reverse 5′-CACCCTGTTGCTGTAGCCAAA-3′; BiP forward 5′-TCTTCAGGAGCAAATGTCTTTGT-3′; BiP reverse 5′-CAT CAAGTTCTTGCCGTTCA-3′; CHOP forward 5′-AGGGCTAAC ATTCTTACCTCTTCA-3′, CHOP reverse 5′-GATGAAAATGGG GGTACCTATG-3′; ATF6 forward 5′-CTTTTAGCCCGGGACT CTTT-3′; ATF6 reverse 5′-TCAGCAAAGAGAGCAGAATCC-3′; IRE1 forward 5′-TCTGTCGCTCACGTCCTG-3′; IRE1 reverse 5′-GAAGCATGTGCTCAAACACC-3′). Technical triplicate reactions were set up for each sample and target primer in MicroAmp Optical 384-well Reaction Plates (Life Technologies), and reactions were run and analyzed on a Quant Studio 12 K Flex Real-Time PCR system (Thermo Fisher Scientific) following the standard Fast SYBER Green protocol. Melt curves for each target primer pair were analyzed to ensure amplification and quantification of a single PCR product. Differential gene expression was then determined using the ΔΔCT method and visualized as fold change values.



4.8 XBP1 splicing analysis

For XBP1 splicing analysis, 2 μl (100 ng) of cDNA samples were combined with 12.5 μl Phusion Hot Start Flex 2X Master Mix (New England Biolabs), 2.5 μL of 10 μM forward and reverse primer solution (forward: 5′-GGGGCTTGGTATATATGTGG-3′, reverse: 5′- CCTTGTAGTTGAGAACCAGG-3′) and water to a final reaction volume of 25 μl. Reactions were run with the following thermocycler conditions: 1 cycle of 98°C for 30 s; 40 cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for 30 s; and 1 cycle of 72°C for 5 min. A total of 2 μg of resulting PCR products were then digested with Pst1-HF restriction enzyme (New England Biolabs) to cleave the unspliced XBP1 template. Digested PCR reactions were then run on a 2% agarose gel containing ethidium bromide at 135 V. Bands were observed using a ChemiDoc XRS + (Bio-Rad) and measured for pixel intensity using FIJI/ImageJ.



4.9 TUNEL assay

The Click-iT Plus TUNEL Assay for in situ Apoptosis Detection using an Alexa Fluor 647 dye (Life Technologies) was performed according to manufacturer’s instructions. Cells were first fixed for 15 min at room temperature using 4% PFA diluted in 1x PBS. Samples were then permeabilized with 0.25% Triton X-100 in 1x PBS for 20 min at room temperature and washed twice with deionized water. Terminal deoxynucleotidyl transferase (TdT) reaction buffer was added to cells for 10 min at 37°C. TdT reaction buffer supplemented with TdT enzyme and EdUTP were then added for 60 min at 37°C for labeling of double-stranded DNA breaks. Following this incubation, cells were washed twice with 3% BSA in 1x PBS for 5 min each, and the Click-iT plus TUNEL reaction cocktail was added to cells at 37°C protected from light. Following 30 min of florescent labeling of EdUTP with click chemistry, the reaction mixture was removed, and cells were washed twice for 5 min with 3% BSA in 1x PBS. Cells were then stained with Hoechst, and immunofluorescent Isl1/2, and TUJ1 antibodies as normal for image acquisition and analysis of TUNEL + MNs.



4.10 ER stress/protection assay and sample collection for proteomic and phosphoproteomic analyses

3 × 106 patient derived MNs were plated in complete MN media on borate/poly-ornithine/laminin/fibronectin coated 6-well tissue culture plates. A total of 3-day old cultures were treated with 0.1 μM thapsigargin, 3 μM kenpaullone, 5 μM MAP4K4 inhibitor 29 or 0.1 μM thapsigargin with 3 μM kenpaullone or 5 μM MAP4K4 inhibitor 29. A total of 24 and 48 h after compound treatment, MN cultures were washed 3 times with chilled PBS, on ice, and total protein was collected using 200 μL/well of freshly prepared lysis buffer containing 6 M urea (Life Technologies), 50 mM EPPS (Sigma Aldrich), 1% triton X-100 (Sigma Aldrich), 5 mM tris (2-carboxyethyl) phosphine (Thermo Fisher Scientific), 20 mM chloroacetamide (Sigma Aldrich), with 1x protease and phosphatase inhibitors (Life Technologies). Mechanical disruption with a cell lifter was used to collect the protein lysates into Eppendorf tubes which were then flash frozen in liquid nitrogen and stored at −80°C until mass spectrometry analysis.



4.11 Proteomics–Sample preparation and digestion

Protein concentrations from sample lysates were determined using the Bradford assay (Thermo Fisher Scientific). Proteins denatured in 1% SDS were subjected to disulfide bond reduction with 5 mM tris (2-carboxyethyl) phosphine (room temperature, 15 min) and alkylation with 20 mM chloroacetamide (room temperature, 20 min). Methanol-chloroform precipitation was then performed, adding 400 μL of 100% methanol to the 100/100 μL protein sample, vortexing 5 s, and then adding 100 μL of 100% chloroform and vortexing 5 s. A total of 300 μL of water was added to the sample, vortexed 5 s, and centrifuged for 1 min at 14,000 × g to generate distinct phase separations. The aqueous phase and organic phases were removed, leaving behind the protein disk that was washed twice with 400 μL 100% methanol, and centrifuged at 21,000 × g for 2 min at room temperature. Samples were resuspended in 100 mM EPPS, pH 8.5, containing 0.1% RapiGest and digested at 37°C for 2 h with LysC protease at a 200:1 protein-to-protease ratio. Trypsin was then added at a 100:1 protein-to-protease ratio and the reaction was incubated for 6 h at 37°C.

Tandem mass tag labeling of each sample was performed by adding 10 μl of the 20 ng/μL stock of TMT reagent along with acetonitrile to achieve a final acetonitrile concentration of approximately 30% (v/v). Following incubation at room temperature for 1 h, labeling efficiency of a small aliquot was tested, and the reaction was then quenched with hydroxylamine to a final concentration of 0.5% (v/v) for 15 min. The TMT-labeled samples were pooled together at a 1:1 ratio. The sample was vacuum centrifuged to near dryness, resuspended in 5% formic acid for 15 min, centrifuged at 10000 × g for 5 min at room temperature and subjected to C18 solid-phase extraction (SPE) (Sep-Pak, Waters).



4.12 Proteomics–TMT-labeled phosphopeptide enrichment

Phosphopeptides were enriched using Pierce Fe-NTA phosphopeptide enrichment kit (Thermo Fisher Scientific, A32992) following the provided protocol. In brief, combined TMT-labeled dried peptides were enriched for phosphopeptides, while the unbound peptides (flow through) and washes were combined and saved for total proteome analysis. The enriched phosphopeptides were dried down and fractionated according to manufacturer’s instructions using High pH reversed-phase peptide fractionation kit (Thermo Fisher Scientific, 84868) for a final 6 fractions and subjected to C18 StageTip desalting prior to MS analysis.



4.13 Proteomics–Off-line basic pH reversed-phase (BPRP) fractionation

Unbound TMT-labeled peptides (flow through from phosphopeptide enrichment step) and washes were dried down and resuspended in 100 μl of 10 mM NH4HCO3 pH 8.0 and fractionated using BPRP HPLC (Paulo et al., 2016). Briefly, samples were offline fractionated over a 90 min run, into 96 fractions by high pH reverse-phase HPLC (Agilent LC1260) through an aeris peptide xb-c18 column (Phenomenex; 250 mm x 3.6 mm) with mobile phase A containing 5% acetonitrile and 10 mM NH4HCO3 in LC-MS grade H2O, and mobile phase B containing 90% acetonitrile and 10 mM NH4HCO3 in LC-MS grade H2O (both pH 8.0). The 96 resulting fractions were then pooled in a non-continuous manner into 24 fractions [as outlined in Supplementary Figure 5 of (Paulo et al., 2016) and 12 fractions (even numbers) were used for subsequent mass spectrometry analysis]. Fractions were vacuum centrifuged to near dryness. Each consolidated fraction was desalted via StageTip, dried again via vacuum centrifugation, and reconstituted in 5% acetonitrile, 1% formic acid for LC-MS/MS processing.



4.14 Proteomics–Liquid chromatography and tandem mass spectrometry

Mass spectrometry data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to a Proxeon EASY-nLC1200 liquid chromatography (LC) pump (Thermo Fisher Scientific). Peptides were separated on a 100 μm inner diameter microcapillary column packed in house with ∼35 cm of Accucore 150 resin (2.6 μm, 150 Å, Thermo Fisher Scientific, San Jose, CA, USA) with a gradient consisting of 5%–16% (0–78 min), 16–22% (78–98 min), 22–28% (98–110 min) (ACN, 0.1% FA) over a total 120 min at ∼500 nL/min. For analysis, we loaded 1/2 of each fraction onto the column. Each analysis used the Multi-Notch MS3-based TMT method (McAlister et al., 2014). The scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution 120,000 at 200 Th; mass range 400-1400 m/z; automatic gain control (AGC) target 1 × 106; maximum injection time 50 ms). Precursors for MS2 analysis were selected using a Top 10 method. MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap analysis; Turbo scan rate; AGC 2.0 × 104; isolation window 0.7 Th; normalized collision energy (NCE) 35; maximum injection time 150 ms) with MultiStage Activation (MSA) for neutral loss of 97.9763. Monoisotopic peak assignment was used, and previously interrogated precursors were excluded using a dynamic window (150 s ± 7 ppm). Following acquisition of each MS2 spectrum, a synchronous-precursor-selection (SPS) MS3 scan was collected on the top 10 most intense ions in the MS2 spectrum (McAlister et al., 2014). MS3 precursors were fragmented by high energy collision-induced dissociation (HCD) and analyzed using the Orbitrap (NCE 65; AGC 1.5 × 105; maximum injection time 250 ms, resolution was 50,000 at 200 Th).

Mass spectrometry data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to a Proxeon EASY-nLC1200 liquid chromatography (LC) pump (Thermo Fisher Scientific). Peptides were separated on a 100 μm inner diameter microcapillary column packed in house with ∼35 cm of Accucore 150 resin (2.6 μm, 150 Å, Thermo Fisher Scientific, San Jose, CA, USA) with a gradient consisting of 5%–22% (0–125 min), 22–28% (125–140 min) (ACN, 0.1% FA) over a total 150 min run at ∼500 nL/min. For analysis, we loaded 1/10 of each fraction onto the column. Each analysis used the Multi-Notch MS3-based TMT method (McAlister et al., 2014), to reduce ion interference compared to MS2 quantification. The scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution 120,000 at 200 Th; mass range 350-1400 m/z; automatic gain control (AGC) target 5 × 105; maximum injection time 50 ms). Precursors for MS2 analysis were selected using a Top10 method. MS2 analysis consisted of collision-induced dissociation [quadrupole ion trap analysis; Turbo scan rate; AGC 2.0 × 104; isolation window 0.7 Th; normalized collision energy (NCE) 35; maximum injection time 35 ms]. Monoisotopic peak assignment was used, and previously interrogated precursors were excluded using a dynamic window (150 s ± 7 ppm), and dependent scan was performed on a single charge state per precursor. Following acquisition of each MS2 spectrum, a synchronous-precursor-selection (SPS) MS3 scan was collected on the top 10 most intense ions in the MS2 spectrum (McAlister et al., 2014). MS3 precursors were fragmented by high energy collision-induced dissociation (HCD) and analyzed using the Orbitrap (NCE 65; AGC 3 × 105; maximum injection time 150 ms, resolution was 50,000 at 200 Th).



4.15 Proteomics–Data analysis

Mass spectra were processed using a Sequest-based (v.28, rev. 12) in-house software pipeline (Huttlin et al., 2010). Spectra were converted to mzXML using a modified version of ReAdW.exe. Database searching included all entries from the UniProt Human Reference Proteome database (2017–SwissProt and TrEMBL). Sequences of common contaminant proteins (for example, trypsin, keratins and so on) were appended and the database was concatenated with one composed of all size-sorted protein sequences in reverse order. Searches were performed using a mass tolerance of 20 p.m. for precursors and a fragment-ion tolerance of 0.9 Da, and a maximum of two missed cleavages per peptide was allowed. TMT tags on lysine residues and peptide N termini (+ 229.163 Da) and carbamidomethylation of cysteine residues (+ 57.021 Da) were set as static modifications (except when testing for labeling efficiency, in which case the TMT modifications are set to variable), while oxidation of methionine residues (+ 15.995 Da) was set as a variable modification. Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery rate (FDR) and PSM filtering was performed using a linear discriminant analysis, as described previously (Huttlin et al., 2010), while considering the following parameters: Xcorr and Diff Seq. Delta Score, missed cleavages, peptide length, charge state, and precursor mass accuracy. Using the Picked FDR method (Savitski et al., 2015), proteins were filtered to the target 1% FDR level. Moreover, protein assembly was guided by principles of parsimony to produce the smallest set of proteins necessary to account for all observed peptides. For TMT-based reporter ion quantitation, we extracted the summed signal-to-noise (S:N) ratio for each TMT channel and found the closest matching centroid to the expected mass of the TMT reporter ion (integration tolerance of 0.003 Da). Proteins were quantified by summing reporter ion counts across all matching PSMs using in-house software, as described previously (Huttlin et al., 2010). PSMs with poor quality, MS3 spectra with more than 8 TMT reporter ion channels missing, or isolation specificity less than 0.7 (or 0.6 for phosphorylation dataset), or with TMT reporter summed signal-to-noise ratio that were less than 150 (100 for phosphorylation dataset) or had no MS3 spectra were excluded from quantification.

For phosphorylation dataset search, phosphorylation (+ 79.966 Da) on Serine, Threonine or Tyrosine and deamidation (+ 0.984 Da) on Asparagine or Glutamine were set as additional variable modifications. Phosphorylation site localization was determined using the AScore algorithm (Beausoleil et al., 2006). AScore is a probability-based approach for high-throughput protein phosphorylation site localization. Specifically, a threshold of 13 corresponded to 95% confidence in site localization.

The MS TMT proteomic data have been deposited to the MassIVE repository with the dataset identifier MSV000093190. Protein quantification values were exported for further analysis in Microsoft Excel and Perseus (Tyanova et al., 2016) and statistical test and parameters used are indicated in the corresponding Supplementary Data Set 1. Briefly, Welch’s t-test analysis was performed to compare two datasets, using s0 parameter (a minimal fold change cut-off) and correction for multiple comparison was achieved by the permutation-based FDR method, both functions that are built-in in Perseus software. For whole cell proteome (Figure 4A, S2B) analysis, each reporter ion channel was summed across all quantified proteins and normalized assuming equal protein loading of all samples. For phosphopeptide dataset (Figure 4C, S2C), peptide abundance was normalized to the protein abundance when available.



4.16 Gene ontology analyses

Gene ontology enrichment analyses were performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.8. Differentially expressed genes that reached a false discovery rate q-value significance threshold <0.05 were analyzed for enrichment compared to the total protein list quantified using default stringency parameters. GOTERM_BP_DIRECT terms with corresponding -log10 (p-values) from the functional annotation chart results were graphed.



4.17 Kinase-substrate enrichment analyses

Kinase-substrate enrichment analyses were performed on Supplementary Data Set 1 using the KSEA software, available as the R package “KSEAapp” on CRAN: CRAN.R-project.org/package = KSEAapp/and online at https://casecpb.shinyapps.io/ksea/ (Wiredja et al., 2017). The log2 (fold change) of phosphoproteins in each treatment-comparison group were used as input, and kinase-substrate annotations were derived from both PhosphoSitePlus and NetworKIN datasets. The resulting output displayed a z-score for each kinase, which described the collective phosphorylation status of its substrates, such that a kinase with a negative score had substrates that were generally dephosphorylated with the test group, and vice versa for a kinase with a positive score. P-values for kinase z-scores were then determined by assessing the one-tailed probability of having a more extreme score than the one measured, followed by a Benjamini-Hochberg false discovery rate correction for multiple hypothesis testing. Kinase z-scores with p < 0.05 were determined significant, and unbiased hierarchical clustering was performed to determine the relative similarity of kinase scores between each treatment group.



4.18 DNA extraction and genotyping PCR

Genomic DNA was extracted using the Wizard Genomic DNA Purification Kit (Promega). Approximately 2 × 106 cells were lysed using nuclei lysis solution and mechanical trituration by pipetting. RNase solution was added to the nuclear lysate and incubated for 15 min at 37°C. Protein Precipitation Solution was added, vortexed briefly, and centrifuged for 4 min at 16,000 × g. Sample solutions were mixed gently by inversion until white thread-like strands of DNA were visible. Samples were centrifuged for 1 min at 16,000 × g, and the DNA pellet was washed with 70% ethanol before centrifuging again (1 min, 16,000 × g). The DNA pellet was air dried for 15 min and resuspended with DNA rehydration solution for 1 h at 65°C or overnight at 4°C. Total DNA concentrations were analyzed using a nanodrop.

Polymerase chain reaction (PCR) was performed using the Phusion Hot Start Flex 2X Master Mix (New England Biolabs). Reactions were set up according to the manufacturer’s instructions (TDP-43G298S forward 5′- CGACTGAAATATCACTGCTGCTG-3′, TDP-43G298S reverse 5′- GGATGCTGATCCCCAACCAA-3′; SOD1L144F forward 5′- GTTATTTTTCTAATATTATGAGG-3′, SOD1L144F reverse 5′- GTTTTATAAAACTATACAAATCTTCC-3′. Thermocycler conditions were the following- 1 cycle of 98°C for 30 s; 30 cycles of 98°C for 10 s, 45–72°C for 30 s (depending on melting temperature of primer pairs determined by NEB Tm calculator),1 72°C for 30 s/kb; and 1 cycle of 72°C for 10 min. PCR products were run at 135V on a 1% agarose gel containing ethidium bromide and bands were observed using a ChemiDoc XRS + (Bio-Rad). Sequencing of PCR products was performed by Psomagen and resulting sequencing files were analyzed with Geneious software using NCBI gene data.



4.19 Statistical analyses

All statistical analyses were performed using rstatix: Pipe-Friendly Framework for Basic Statistical Tests, R package version 0.6.0. https://CRAN.R-project.org/package=rstatix (Kassambara, 2020). Data were determined to be normally distributed using the Shapiro Wilk test and variance was determined equal between groups using Levene’s test. For comparisons of 2 groups, a 2 tailed, unpaired student’s t-test was used. For comparisons of 3 or more groups, an analysis of variance (ANOVA) was used followed by Tukey’s HSD post-hoc tests. p < 0.05 was considered statistically significant and denoted in graphs with a *p < 0.01 **, p < 0.001 ***, and P < 0.0001 ****.
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Introduction: Tubular aggregates (TA) are skeletal muscle structures that arise from the progressive accumulation of sarcoplasmic reticulum proteins. Cytoplasmic aggregates in muscle fibers have already been observed in mice and humans, mainly during aging and muscle disease processes. However, the effects of muscle regeneration on TA formation have not yet been reported. This study aimed to investigate the relationship between degeneration/regeneration and TA in aged murine models. We investigated the presence and quantity of TA in old males from two murine models with intense muscle degeneration and regeneration.

Methods: One murine lineage was a Dmdmdx model of Duchenne muscular dystrophy (n = 6). In the other model, muscle damage was induced by electroporation in C57BL/6J wild-type mice, and analyzed after 5, 15, and 30 days post-electroporation (dpe; n = 15). Regeneration was evaluated based on the quantity of developmental myosin heavy chain (dMyHC)-positive fibers.

Results: The frequency of fibers containing TA was higher in aged C57BL/6J (26 ± 8.3%) than in old dystrophic Dmdmdx mice (2.4 ± 2%). Comparing the data from induced degeneration/regeneration in normal mice revealed a reduced proportion of TA-containing fibers after 5 and 30 dpe. Normal aged muscle was able to regenerate and form dMyHC+ fibers, mainly at 5 dpe (0.1 ± 0.1 vs. 16.5 ± 2.6%). However, there was no difference in force or resistance between normal and 30 dpe animals, except for the measurements by the Actimeter device, which showed the worst parameters in the second group.

Discussion: Our results suggest that TA also forms in the Dmdmdx muscle but in smaller amounts. The intense degeneration and regeneration of the old dystrophic model resulted in the generation of new muscle fibers with a lower quantity of TA. Data from electroporated wild-type mice support the idea that muscle regeneration leads to a reduction in the amount of TA. We suggest that TA accumulates in muscle fibers throughout physiological aging and that regeneration leads to the formation of new fibers without these structures. In addition, these new fibers do not confer functional benefits to the muscle.

Keywords
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1 Introduction

Tubular aggregates (TA) are skeletal muscle structures that arise from the progressive accumulation of sarcoplasmic reticulum (SR) proteins (1–5). Cytoplasmic aggregates of muscle fibers have been observed in both mice (6) and humans (3). These factors are relevant to aging and muscle disease processes. The pathophysiological mechanisms of many human neurodegenerative diseases, such as amyotrophic lateral sclerosis, Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease, are intrinsically related to protein aggregation and inclusion body formation (7). Thus, there is a strong link between condensate-forming proteins and age-related diseases, such as neurodegeneration and cancer (8).

In humans, TA are found in diseased skeletal muscles such as tubular aggregate myopathy (TAM) (9), Andersen–Tawil syndrome (10), and limb-girdle myasthenia (11). Major differences between TAM and TA are associated with other myopathies. TA are prevalent in both slow-twitch (type I) and fast-twitch (type II) muscle fibers in TAM, whereas they are only present in type II fibers as a secondary effect in other myopathies. TAM affects mostly men, and in isolated TA, the proportion of women presenting with them is greater, although men are generally more affected (12).

TA have also been found in wild-type aged mice of different strains within muscle fibers, especially type II, but only in male specimens (5), which makes these structures age-, fiber type- and sex-specific (1).

The effects of muscle regeneration on TA have not yet been reported. This study aimed to compare the presence of TA in normal and dystrophic aged muscles and assess whether TA negatively influences muscle function after induced regeneration.



2 Animals and methods


2.1 Animals

To evaluate the presence of TA, C57BL/6J (n = 15, 24 months of age) mice were subdivided into a control non-electroporated group (NE; n = 6) and three groups of animals submitted to electroporation in the calves and analyzed 5 days post-electroporation (dpe) (n = 3), 15 dpe (n = 3), and 30 dpe (n = 3). An additional group of naturally degenerated animals composed of Dmdmdx mice (model for Duchenne muscular dystrophy) (n = 6, 18–24 months of age) was also included (Figure 1A). All animals were males.

[image: Figure 1]

FIGURE 1
 Experimental workflows for evaluation of the TA presence (A) and impact in muscle function (B).


In the functional evaluation (Figure 1B), 2 years-old C57BL/6J (n = 8) mice were subdivided into the NE control group (n = 3) and electroporated group (n = 5), composed of animals subjected to electroporation of calves according to a previously described protocol (13). Functional evaluations included strength, resistance, and global activity (Figure 2). These tests were performed at 0 dpe time zero in both groups and at 30 dpe in the second group (Figure 1B).

[image: Figure 2]

FIGURE 2
 Methodologies for functional studies. Actitrack uses infrared sensors to record mouse movements, providing data that includes distance traveled and speed. The two-limb hanging test assesses forelimb strength and balance. The observer records the hanging time of the subject. The four-limb hanging test assesses strength and endurance by placing the mouse upside down, hanging from a grid. The rotarod test assesses body balance as the animal is positioned on a spinning metal cylinder. The grip strength test records the force produced by the animal while the researcher pulls its tail gently.




2.2 Experimental procedures


2.2.1 Global activity measurements

Actitrack equipment (Panlab, Barcelona, Spain; Figure 2) was used to measure the distance covered, speed, slow and fast movements, rest, and number of rearings. The velocity thresholds adopted were the equipment software standards (rest <2 cm/s, slow velocity between 2 and 5 cm/s, and fast velocity >5 cm/s). Each animal was monitored for 20 min with a 10 min break between animals. This assessment was repeated once daily for 4 days. On the fifth day, we performed the other tests as described below. For the second evaluation after 30 days, the Actitrack assessment was repeated for 3 days and the other tests were repeated on the fourth day.



2.2.2 Assessment of strength and endurance

The grip strength, hanging test involving two and four limbs, and rotarod test (Figure 2) were performed based on the TREAT-NMD protocols (14), which consider the conversion of measures in newtons into grams, and divided these values by the respective weights.



2.2.3 Sample collection

The animals were then anesthetized and euthanized. Gastrocnemius muscles were collected and stored in liquid nitrogen. Frozen tissues were cross-sectioned in a HM 505 E cryostat (Microm International GmbH, Walldorf, Germany) at 6–7 nm thickness for histological and immunofluorescence (IF) analyses.



2.2.4 Staining processes

Hematoxylin and eosin (HE) staining was performed using a standard protocol aimed at assessing tissue integrity. Gomori trichrome (GT) staining was performed to verify the presence of TA in the muscle fibers, as previously described (15). Muscle fiber cytoplasm stained green, nuclei purple, and TA a purple-reddish color.



2.2.5 IF of developmental myosin heavy chain

dMyHC is a protein present in immature fibers. It is a marker of muscular regeneration. Primary antibodies used for staining were a 1:30 dilution of mouse dMyHC-NCL, for developmental myosin staining (Novocastra NCL-MHCd, Leica Biosystems, Concord, ON, Canada) and a 1:100 dilution of rabbit anti-laminin (Z0097, Dako, San Diego, CA, United States) for extracellular matrix staining. The secondary antibodies used were a 1:200 dilution of Cy3 goat anti-mouse (A10521; Invitrogen, Carlsbad, CA, United States) and a 1:100 dilution of fluorescein isothiocyanate (FITC) goat anti-rabbit (F0511; Sigma-Aldrich, St. Louis, MO, United States). IF was visualized and analyzed using an Axio Imager.Z1 microscope (Zeiss, Jena, Germany).



2.2.6 Morphometric analysis

We photographed entirely each gastrocnemius section stained by Gomori Trichrome. It allows us to correctly identify the myofibers contour and the TA presence, so we can count them individually, which was done in a global manner using the Fiji software (16). On average, 2,370 fibers were analyzed per animal. After that, we calculated the proportion of myofibers containing TA over total number of fibers counted in muscle section.




2.3 Statistical analysis

The statistical software GraphPad Prism v8.2.1 (GraphPad Software Inc., Boston, MA, United States) was used. The Shapiro–Wilk normality test was performed for each experimental group analyzed. If the distribution was normal, paired or unpaired student’s t parametric tests were used to compare two experimental groups, while one-way ANOVA with Dunnett’s correction was performed to compare more than two. If the distribution was not normal, the Mann–Whitney test (unpaired samples) or Wilcoxon test (paired samples; before vs. after) were used to compare two groups, while Kruskal–Wallis was perfomed to compare more than two groups. The confidence interval adopted for the statistics was 95%.




3 Results


3.1 TA are present, but in decreased quantity in dystrophic aged muscles

TA were detected in both aged normal and dystrophic Dmdmdx mice (Figure 3). However, more aggregates were evident in normal C57BL/6J mice than in Dmdmdx mice (26 ± 8.3% vs. 2.4 ± 2%, p = 0.0007, t-test; Figure 3C).
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FIGURE 3
 Gastrocnemius muscle from aged mice, stained with modified Gomori trichrome. TA are present in all experimental groups. There were more fibers containing TA in (A) C57BL/6J mice (n   =  6) than in (B) Dmdmdx mice (n  = 6, t-test).




3.2 Induced degeneration causes decrease in number of TA after regeneration

Comparison of the data from normal aged animals with induced degeneration-regeneration revealed a reduction in the proportion of fibers containing TA at all times post-electroporation. One-way ANOVA with Dunnett’s correction analysis showed that reductions were statistically significant after 5 dpe (3.7 ± 5%, p = 0.0177) and 30 dpe (7.7 ± 5.7%, p = 0.0435) (Figure 4). TA were different sizes and present as single or multiple units in each muscle fiber, and with or without internal content (staining inside the TA or only on the outer edge, respectively). In fibers with internalized nuclei (newly formed fibers), TA were not identified, although they were still present within nearby fibers.

[image: Figure 4]

FIGURE 4
 Gastrocnemius muscle from aged mice stained with modified Gomori trichrome. TA are present in all experimental groups. Intense degeneration is evident at (A) 5 dpe. After muscle regeneration, TA are present in some muscle fibers at (B) 15 and (C) 30 dpe. The proportion of fibers containing TA was less at 5 and 30 dpe (one-way ANOVA with Dunnett’s correction).




3.3 Regeneration profile in old mice

dMyHC-positive fibers were scarce in NE old C57BL/6J animals (0.1 ± 0.1%; Figure 5A) and Dmdmdx mice (0.3 ± 0.4%; Figure 5E), with no statistically significant difference between them (Mann–Whitney—p = 0.3864; Figure 5F). The lesion induced regeneration, with increase of dMyHC-positive fibers at 5 dpe (16.5 ± 2.6%; Figure 5B). The difference between NE and 5dpe C57BL/6J is statistically significant (Kruskal–Wallis with Dunnett’s correction—p = 0.0424; Figure 5F). From 15 dpe there was a reduction in dMyHC-positive fibers (1.8 ± 1.7%; Figure 5C). Thirty dpe animals (0.1 ± 0.1% - Figure 5D) presented a complete regeneration, with similar values to those of NE C57BL/6J. Comparison of 15 dpe and 30 dpe with NE animals showed no significant differences (Kruskal–Wallis with Dunnett’s correction—Figure 5F).
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FIGURE 5
 Gastrocnemius muscle sections of C57BL/6J before (NE, A) and after electroporation (5, 15, and 30 dpe, B–D) and in Dmdmdx mice (E). IF was performed using antibodies against dMyHC (red stain inside muscle fibers) and laminin (green stain). Nuclei are stained in blue by dapi (4’,6-diamidino-2-phenylindol). (F) Denotes the percentage of positive dMyHC fibers between experimental groups. The only significant difference was between NE C57BL/6J and 5 dpe mice (Kruskal–Wallis with Dunnett’s correction).




3.4 Decreased TA after muscle regeneration is not related to muscle functional improvement

The observation of less TA in regenerated muscles of aged normal mice after induced degeneration prompted the hypothesis that regeneration inducing the formation of new fibers with less TA could modify the functional capacity of the muscle. To verify this hypothesis, we repeated the experiment and induced degeneration in normal aged muscles and functionally evaluated these animals before and 30 days after injury and regeneration. Again, more fibers with TA were observed in NE animals (35.3 ± 12%) compared to electroporated animals at 30 dpe (23.8 ± 5.3%). The global activity measurements obtained using Actitrack equipment revealed statistically significant poorer performance of the electroporated animals compared to NE subjects. As shown in Figure 6, the indices of mean velocity (A), distance (B), slow movement (C), fast movement (D), and rearing (E) were significantly lower in the electroporated mice (30 dpe), whereas rest time (F) was higher in this group (paired t-tests). The animals were also evaluated using four tests for force and resistance: grip strength, rotarod, hanging with two limbs, and hanging with four limbs. No differences between the control and intervention groups were evident using paired t or Wilcoxon tests (Figure 7).
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FIGURE 6
 Evaluations performed using the Actitrack equipment. All comparisons (A–F) between the intervention group before electroporation and 30 dpe were statistically significant (paired t-test, p < 0.05), compatible with a worsening of the phenotype caused by electroporation.


[image: Figure 7]

FIGURE 7
 Force and balance measures. None of the four tests (A–D) showed the difference between normal NE C57Bl and 30 dpe post-injury animals (paired t or Wilcoxon tests).





4 Discussion

In this study, we aimed to compare the capacity of the old muscle to regenerate, both in chronic model of degeneration, as observed in muscular dystrophies, as compared to acute degeneration, induced by muscle demage by electroporation. The number of positive dMyHCs was quantified to verify the efficiency of regeneration and formation of new muscle fibers in genetically degenerated dystrophin-deficient mice (Dmdmdx) and in normal muscles under induced degeneration. As observed in young normal mice subjected to electrical muscle injury (17, 18), new fibers positive for dMyHC clearly increased at 5 dpe. dMyHC-positive fibers were reduced in number at 15 dpe and reached normal values after 30 dpe. The findings indicate that aged normal muscle preserves its regenerative capacity and formation of new muscle fibers in a pattern similar to that observed in young normal animals. In contrast, old Dmdmdx mice showed a small increase in the number of positive new fibers. This result is different from the significantly greater prevalence of regenerated fibers observed in young Dmdmdx mice (17%) (17).

TA inside aged muscle fibers are more likely to form during muscular physiological senescence. TA are repositories of proteins that have accumulated for a long time (several months in mice or years in humans). Acute injury, such as electroporation, or chronic injury, such as dystrophic state, leads to a degeneration-regeneration process in which severely damaged fibers are removed from muscle and satellite cells are recruited. The cells differentiate into myoblasts and fuse with each other to form new fibers or with a lesioned fiber to repair the fiber (19). In the present study, new fibers lacked TA. In the first round of experiments, both degeneration-regeneration groups of mice (Dmdmdx and electroporated C57BL/6J) presented fewer fibers containing TA than the control group (NE C57BL/6J mice). These findings indicate that recently formed muscle fibers do not contain TA, possibly due to the short post-regeneration time.

The identification of TA is technically challenging. Previous studies using different staining protocols to visualize TA have generated inconsistent results (20). For example, TA stained positively with nicotinamide adenine dinucleotide dehydrogenase-tetrazolium reductase (NADH-TR) (21) but negatively in another study (6). Details are lacking concerning the mechanism of TA genesis, chemical content, and functional consequences. However, some relevant knowledge is known. For example, SR proteins such as calsequestrin (1, 2, 5), Serca1 (1, 2, 6) and Stim1 (22, 23) are found in TA. All these SR proteins are involved in calcium homeostasis (2, 23). Schiaffino et al. (5) proposed the origin of TA in the SR, and compared protein aggregation in muscle with that in neurodegenerative diseases, and discussed the rearrangement of endoplasmic reticulum membranes in non-muscle cells in a similar form to that observed in muscle. The authors suggested that hypoxia led to the formation of TA. Orai1 plasma membrane calcium channel protein (23) was also identified in muscle TA (2, 6, 22). Due to the protein composition of TA, it is possible that correct calcium homeostasis influences TA formation. It would be interesting to verify whether the abnormal elevation of intracellular calcium concentration in dystrophin-deficient muscle, which contributes to disease progression in Duchenne muscular dystrophy (24), could be related to a lower amount of TA in Dmdmdx dystrophic muscle.

TA have been demonstrated in different mouse strains (C57BL/6J, BALB/c, DBA/2, 129Sv, and 129Ola) since 5 months of age, with a subsequent increased prevalence within fibers to almost 80% in old gastrocnemius mice (18 months) (6). In addition, male mice fed a resveratrol-enriched diet from 12 to 18 months of age showed a reduction in TA and an improvement in capillarization per fiber (25). Despite the broad observation of TA in wild-type inbred mouse strains (6), TA has also been previously found in dystrophic mice (Lama2dy model for congenital merosin-deficient muscular dystrophy 1A) (26). TA were observed in heterozygous, but not homozygous, mice; in the latter, degeneration-regeneration is more intense. In the present study, the presence of TA was observed in another dystrophic model (Dmdmdx), specifically in old animals, but in a lesser quantity that observed in old NE C57BL/6J mice. These findings reinforce the hypothesis that TA requires time to accumulate in the sarcoplasm because the intense degeneration-regeneration process in dystrophic animals results in the formation of new fibers that do not have aggregate.

TA have also been observed in human muscle diseases. Funk et al. (12) reported TA in 103 myopathic patients with variable clinical findings and age of onset ranging from childhood to old age. TA presented in subsarcolemmal regions and stained positively for SERCA1 and SERCA2 in both fiber types. Interestingly, the TA stained positive for tau, a protein associated with neurodegenerative diseases. Jain et al. (9) reported four adult patients with TAM; TA appeared in type 1 fibers in two patients and in type 2 fibers in the other two. TA were positively stained by HE, GT, and NADH-TR but were not stained by SDH and Cox stains. All patients presented with muscle weakness. Vivekanandam et al. (10) reported TA (as subsarcolemmal structures) in two of five biopsies of Andersen–Tawil syndrome, which affects most patients with episodic muscle weakness. Limb-girdle myasthenia is another example of a disease in which TA could be present, with a reported patient with clinical signs at 5 years of age. TA in his muscle was revealed at 23 years of age by biopsy (11). In all these reported cases (9–12), TA did not seem to be the cause of the disease. The eventual contribution of TA to pathophysiology or even to the worsening of clinical signs has not yet been investigated.

The functional assessments in the present study measured the physical aptitude of aged mice with more or less TA within muscle fibers. The aim was to see if the absence of TA in new fibers could affect muscle function. However, we did not consider that this in vivo experimental design could be influenced by other changes in the tissue caused by the injury, such as loss of muscle mass and consequent loss of strength, fiber type change, and diminished motor units (motor neuron and the myofibers activated by it) (27, 28). The experimental design could not assess the presence of TA as the only variable among the analyzed groups. Moreover, the absence of differences in these tests may have been due to the limited number of animals used.

A possible strategy for TA reduction is exercise (22). Exercise improves health, especially for the elderly population. This has global importance, given that it is expected to be 1 billion people ≥60 years of age worldwide by 2030 (29). During aging, progressively increasing cellular death and malfunction result in sarcopenia and osteoporosis, featuring loss of muscle and bone mass, respectively (30). Locomotor skills can be impaired, reducing the autonomy of the older population in their daily activities. A better understanding of age-related dysfunctions, such as the aggregation of intracellular structures, would help in tracing targets for therapies and other strategies to improve healthier aging.



5 Conclusion

TA form over time, appears in aging normal murine muscles. TA reduction in injured conditions may be due to the degeneration-regeneration process in muscles, with loss of damaged muscle fibers and formation of new fibers that do not present protein aggregation. These new regenerated fibers do not improve the functiona capacity of the aged muscle.
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TUBA4A downregulation as observed in ALS post-mortem motor cortex causes ALS-related abnormalities in zebrafish
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Disease-associated variants of TUBA4A (alpha-tubulin 4A) have recently been identified in familial ALS. Interestingly, a downregulation of TUBA4A protein expression was observed in familial as well as sporadic ALS brain tissue. To investigate whether a decreased TUBA4A expression could be a driving factor in ALS pathogenesis, we assessed whether TUBA4A knockdown in zebrafish could recapitulate an ALS-like phenotype. For this, we injected an antisense oligonucleotide morpholino in zebrafish embryos targeting the zebrafish TUBA4A orthologue. An antibody against synaptic vesicle 2 was used to visualize motor axons in the spinal cord, allowing the analysis of embryonic ventral root projections. Motor behavior was assessed using the touch-evoked escape response. In post-mortem ALS motor cortex, we observed reduced TUBA4A levels. The knockdown of the zebrafish TUBA4A orthologue induced a motor axonopathy and a significantly disturbed motor behavior. Both phenotypes were dose-dependent and could be rescued by the addition of human wild-type TUBA4A mRNA. Thus, TUBA4A downregulation as observed in ALS post-mortem motor cortex could be modeled in zebrafish and induced a motor axonopathy and motor behavior defects reflecting a motor neuron disease phenotype, as previously described in embryonic zebrafish models of ALS. The rescue with human wild-type TUBA4A mRNA suggests functional conservation and strengthens the causal relation between TUBA4A protein levels and phenotype severity. Furthermore, the loss of TUBA4A induces significant changes in post-translational modifications of tubulin, such as acetylation, detyrosination and polyglutamylation. Our data unveil an important role for TUBA4A in ALS pathogenesis, and extend the relevance of TUBA4A to the majority of ALS patients, in addition to cases bearing TUBA4A mutations.
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1 Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by progressive paralysis resulting from the selective loss of upper and lower motor neurons. Patients usually die 2–5 years after disease onset due to respiratory failure. ALS has an incidence of 1–2 individuals per 100.000 each year. About 90% of patients display sporadic ALS, with no family history of the disease. In the remaining 10%, the disease is transmitted within families, referred to as familial ALS (Taylor et al., 2016). The most common disease-causing mutations are found in fused in sarcoma (FUS), superoxide dismutase 1 (SOD1), chromosome 9 open reading frame 72 (C9orf72) and transactive response DNA-binding protein (TARDBP) (Al-Chalabi and Hardiman, 2013; Taylor et al., 2016).

In addition, several genes with a role in cytoskeletal dynamics and axonal transport are linked to ALS, amongst which dynactin subunit 1 (DCTN1), kinesin family member 5A (KIF5A) and spastin (SPAST) (Castellanos-Montiel et al., 2020). This suggests that there might be a direct causative relationship between defects in cytoskeletal integrity and neurodegeneration. More recently, Smith et al. found mutated variants in the alpha-tubulin 4A (TUBA4A) gene in ALS patients, based on exome sequencing data from a large cohort of ALS patients and controls. These mutated variants are associated with classical spinal onset ALS, and in some cases also frontotemporal dementia (FTD)-like symptoms (Smith et al., 2014). We confirmed the importance of TUBA4A variants in ALS in an independent Belgian cohort (Perrone et al., 2017).

TUBA4A encodes one of nine known α-tubulin isotypes, with all variants expressed from different genes. The structures of α- and β-tubulin are highly conserved throughout eukaryotes, nevertheless, the range of human diseases associated with mutations in different tubulin isotypes indicates that specific isotypes have different functional specifications (Breuss et al., 2017). This is supported by the fact that the expression of different isotypes differs depending on cell type and tissue. For example, TUBA8A is mainly expressed in testes and skeletal muscle, while TUBA4A is highly expressed in the nervous system (Braun et al., 2010; Clark et al., 2016).

Functionally, α-tubulin assembles with β-tubulin to form stable tubulin heterodimers, which dynamically polymerize into sheets of longitudinal polarized protofilaments, building the cylindrical, hollow microtubules (Tischfield et al., 2011; Chakraborti et al., 2016). Stable microtubules are important for a wide range of functions in long extending axons, and serve as the tracks along which motor proteins (such as dynein and kinesin) move cargoes with the help of adaptor proteins (Clark et al., 2016). Hereby, microtubule stability and function is influenced by the presence of different post-translational modifications (PTMs) of tubulin (Boiarska and Passarella, 2021). Most PTMs are reversible and occur on the C-terminal tail of tubulins, except for lysine (K40) acetylation which is located on the luminal surface or microtubules (Sferra et al., 2020).

Motor neurons are the most asymmetric cells in nature, with axons reaching a meter in length in humans. Therefore, they have a crucial requirement for proper cytoskeletal functioning. A disruption of cytoskeleton integrity could affect cell morphology, axonal branching, the establishment of neuromuscular junctions, and many other critical cell functions. In addition, it could prevent molecular motors from transporting the necessary cargoes, with a potentially deleterious effect on neuronal function (Clark et al., 2016; Taylor et al., 2016; Castellanos-Montiel et al., 2020). Interestingly, it was reported that sporadic ALS patients have a downregulation of α-tubulin subunits in affected brain regions (Jiang et al., 2005; Helferich et al., 2018; Maraldi et al., 2019). However, whether these alterations in α-tubulin expression in the majority of ALS patients can also drive ALS disease pathogenesis is still unknown.

In this study, we confirmed a decrease in TUBA4A protein expression in post-mortem tissue from ALS patients compared to controls. We mimicked this decrease in zebrafish using antisense oligonucleotide morpholinos (AMO) directed against tuba8l2 (ENSDARG00000031164), the single zebrafish orthologue for TUBA4A, which is 94% conserved at the protein level. This decreased expression of tuba8l2 did not affect total levels of alpha-tubulin, but led to abnormalities in the axons of spinal cord motor neurons, as well as motor behavior deficits consistent with published models of ALS (Kabashi et al., 2011, Swinnen et al., 2018). Both phenotypes were dose-dependent and could be rescued by the addition of human wild-type TUBA4A mRNA. Additionally, while we did not observe changes in microtubule polymerization, we found significant changes in post-translational modifications of tubulin in our zebrafish knockdown model. Overall, our data point toward a central role of TUBA4A in ALS pathogenesis, aside from cases bearing TUBA4A mutations.



2 Material and Methods


2.1 Human autopsy cases

Brain and spinal cord tissues were collected in accordance with the applicable laws in Belgium (UZ Leuven) and Germany (Ulm). The recruitment protocols for collecting the brains were approved by the ethical committees of the University of Ulm (Germany) and UZ Leuven (Belgium). This study was approved by the UZ Leuven ethical committee (Belgium) (S60803, S55312). Tissues were collected with an average post-mortem interval of 45 h. After autopsy, the right hemisphere was dissected in coronal planes and frozen at −80°C. The left hemisphere was fixed in 4% phosphate-buffered formaldehyde (PFA) (F8775, Sigma-Aldrich, St Louis, MO, US). Ten sporadic ALS cases and twelve non-neurodegenerative controls were included in this study (Online resource Supplementary Table 1). The diagnosis of ALS was based on clinical assessment according to the consensus criteria for ALS (Brooks et al., 2000; de Carvalho et al., 2008; de Carvalho and Swash, 2009). The post-mortem diagnosis of ALS was pathologically confirmed by assessment of the pTDP-43 pathology. Braak NFT stage (Braak et al., 2006) and AβMTL phase (Thal et al., 2000) were determined based on immunohistochemical stainings with antibodies against Aβ and p-tau.



2.2 Human tissue immunohistochemistry

Histological examination was performed on 5 μm thick sections cut from formalin-fixed, paraffin-embedded tissue of frontal, pre- and post-central, and temporal cortex, hippocampus and spinal cord. Sections were stained with antibodies against pTDP-43, TUBA4A (C-term), pTau(S202/T205) and Aβ17–24 (Online resource Supplementary Table 2). Stainings were performed with the BOND-MAX automated IHC/ISH Stainer (Leica Biosystems, Wetzlar, Germany) using the Bond Polymer Refine Detection kit (DS9800, Leica Biosystems). Briefly, slides were deparaffinized and epitopes were retrieved with low or high pH buffer. After incubation with Peroxidase-Blocking Reagent (DS9800, Leica Biosystems), slides were incubated with primary antibodies for 30 min, followed by secondary antibody incubation. DAB was used for visualization, followed by counterstaining with hematoxylin. Dehydration was carried out in an autostainer, followed by mounting in an automated cover-slipper (Leica Biosystems). Images were acquired using the Leica DM2000 LED microscope coupled to a Leica DFC 7000 T camera. Images were processed using ImageJ and combined into figures using Inkscape.



2.3 Human tissue protein extraction

For biochemistry of human tissues, the right hemispheres were cut in approx. 1 cm thick slabs and frozen at −80°C. Fifty mg of motor cortex and spinal cord was weighed and mechanically homogenized in 0.5 ml 2% SDS in TBS (Tris-buffered saline) with Nuclease (88701, Pierce™ Universal Nuclease, Thermo Fisher Scientific) and a cocktail of protease/phosphatase inhibitors (78440, Halt, Thermo Fisher Scientific) using a micropestle (CXH7.1, Carl Roth, Karlsruhe, Germany). Samples were sonicated, followed by a centrifugation at 13,000 g for 30 min. The resulting supernatant was used. Protein concentrations were determined using the Pierce BCA Protein Assay Kit (23225, Thermo Fisher Scientific).



2.4 Zebrafish protein extraction

Zebrafish embryos were collected at 48 h post fertilization (hpf) and were manually dechorionated using forceps and the yolk was removed. The embryos were homogenized in RIPA buffer (R0278, Sigma-Aldrich) supplemented with protease and phosphatase inhibitors (78440, Halt, Thermo Fisher Scientific) using a micropestle on a rotor. After centrifugation (3 min, 13 000 g), the supernatant was collected and protein concentrations were determined using the Pierce BCA Protein Assay Kit (23225, Thermo Fisher Scientific).



2.5 Human tissue and zebrafish western blotting

For western blotting, 10 μg (human central nervous system lysates) or 20 μg (zebrafish lysates) of protein was loaded on a Bis-Tris 4–12% gradient SDS-PAGE (WG1402BOX, Invitrogen, Thermo Fisher Scientific) in MOPS-SDS running buffer (J62847.K2, Alfa Aesar, Haverhill, MA, USA), electrophoresed at 150 V for 60 min, and transferred to a nitrocellulose membrane (GE10600001, Semidry transfer, Biorad, Hercules, CA, USA). Membranes were blocked with 5% non-fat dried milk (A0830.1000, AppliChem, Darmstadt, Germany) in phosphate-buffered saline (PBS) 0.1% Tween-20 (PBST). Primary antibodies and the corresponding dilutions are listed in Supplementary Table 2 (Online resource). Secondary antibodies were goat anti-rabbit IgG-HRP or goat anti-mouse IgG-HRP (1:10 000, P044801-2 and P044701-2, polyclonal, Dako). Blots were developed with SuperSignal West Pico or Dura plus ECL reagent (34580 and 34075, Thermo Fisher Scientific). Digital images were acquired using the Amersham Imager 600 (GE Healthcare, Chicago, IL, USA). All blots were stripped (21063, Restore Western Blot Stripping Buffer, Thermo Fisher Scientific) of bound antibodies and reprobed with GAPDH to control for equal protein loading. Band intensities were measured using ImageJ and were normalized to GAPDH.



2.6 Antisense oligonucleotide morpholino design and TUBA4A mRNA transcription

An ATG blocking morpholino (AMO) against tuba8l2, the single human TUBA4A orthologue in Danio rerio (morpholino sequence 5’-TTGGAGTTGGATTTGTTTTTTGCCG-3’) was designed and generated by Gene Tools (Philomath, USA). The standard control AMO provided by Gene Tools was used as negative control (morpholino sequence 5’- CCTCTTACCTCAGTTACAATTTATA-3’). A human wild-type TUBA4A HA-tagged encoding plasmid was kindly provided by Dr. J. Landers (Smith et al., 2014). To produce mRNA, plasmids were linearized by restriction digestion, transcribed with mMESSAGE mMACHINE T7 kit (AM1344, Ambion, Huntingdon, UK) and the resulting mRNA purified with the MEGAclear Kit (AM1908, Ambion). The mRNA concentration was measured by spectrophotometry (Nanodrop, Thermo Fisher Scientific). mRNA quality and length were verified by RNA gel electrophoresis.



2.7 Zebrafish injections

All zebrafish breeding was approved by the Ethical Committee for Animal Experimentation of the KU Leuven (P125/2014). Zebrafish were reared and incubated at 28.5°C. All experiments were performed on embryos younger than five days post fertilization, implying that these experiments are in line with the principle of 3Rs as these are not regulated as animal studies. One- to two-cell stage zebrafish embryos from the AB strain were injected with the indicated amounts of morpholino and/or mRNA diluted in aqua ad iniectabilia (3521664, B. Braun, Melsungen, Germany) and supplemented with phenol red for verification of injection volume.



2.8 Zebrafish SV2 immunohistochemistry and analysis

At 30 hpf, embryos were manually dechorionated and deyolked, and fixed overnight at 4°C in 4% PFA in PBS. Fish were permeabilized with acetone for 1 h at −20°C, followed by blocking with 1% bovine serum albumin (BSA) (A7030, Sigma-Aldrich)/1% dimethyl sulfoxide (DMSO) (D2650, Sigma-Aldrich)/PBS for 1h at RT and immunostained with mouse anti-synaptic vesicle 2 (SV2) (1:200; online resource Supplementary Table 2) and secondary Alexa Fluor 555 anti-mouse antibody (1:500, A-31570, Thermo Fisher Scientific) as previously described (Swinnen et al., 2018). For axonal length analysis, 10–15 embryos per condition per experiment were analyzed using a Leica DM 3000 LED microscope and the tracking tool in Lucia software (version 4.60, Laboratory Imaging, resolution 2448 x 2048 pixels). Five predefined and consecutive ventral root projections (i.e. the 8th up to the 12th axon) were measured by a blinded observer. Each axon was measured starting from the beginning of the ventral root projection until the end of any observable staining. Data were normalized to the control condition. A total of 10–15 embryos were used per condition per experiment with three biological replicates, which has previously been shown to be adequate to measure an effect (Swinnen et al., 2018).



2.9 Zebrafish touch-evoked escape response (TEER)

Embryos were manually dechorionated at 30 hpf. 10–15 embryos were used per condition per experiment with three biological replicates, which has previously been shown to be adequate to measure an effect (Bercier et al., 2019). At 48 hpf, zebrafish embryos were individually placed in a 150 mm petri dish filled with 28.5°C embryo medium. After 30 s of habituation, an escape response was elicited by a light brush on the tail and recorded at 30 Hz with a Sony HDR-AS30V camera (resolution 1920 x 1080 pixels) until the end of the escape response (Kabashi et al., 2011). The videos were analyzed in ImageJ using the Manual Tracking plugin and the total distance, the maximal instant velocity and the average velocity were calculated by a blinded observer. Data were normalized to the control condition.



2.10 EB3 comet assay

Analysis of microtubule polymerization events was performed according to the previously described EB3 comet assay (Bercier et al., 2019), where EB3-GFP is expressed in single caudal primary (CaP) motor neurons by microinjection of the pUAS-EB3-GFP plasmid in the Tg(mnx1:GAL4) line (Zelenchuk and Brusés, 2011). Time-lapse imaging was performed at 48 hpf on live, agarose-embedded embryos with a spinning disk confocal microscope (Nikon NiE microscope, Yokogawa CSU-X spinning-disk module and Teledyne Photometrics Prime 95B camera, NIS-Elements software, Nikon Instruments Europe B.V.). Imaging was performed using a 60x LWD water-immersion lens (Nikon Fluor 60x/NA 1.00 WD 2.0) where an image was acquired every 500 ms for a total duration of 5 min. The average length of the imaged arbor segments did not differ between conditions. Kymograms were extracted from time-lapse series on linear segments of CaP distal arbors using the Kymograph Tool (Montpellier RIO Imaging, CNRS, France). Each pixel on the Y-axis represents one timepoint projected against neurite length on the X-axis. Kymogram analysis was performed to determine the duration and distance of single comets as well as the average speed of polymerization and the number of polymerization events (i.e., comet density).



2.11 Statistical analysis

Statistical analyses were performed using Graphpad Prism 9.0 software. Normality was assessed using the Shapiro-Wilk test. Variance homogeneity was assessed using the F-test (for two groups) or the Bartlett’s test (for more than two groups). A Mann-Whitney test or unpaired t-test was used to compare two groups. A one-way ANOVA or Kruskal-Wallis test followed by Dunn’s or Dunnett’s multiple comparisons was used to determine the significant difference between multiple groups. Data are presented as mean ± SD or median ± IQR. Significance levels are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 00001.




3 Results


3.1 ALS post-mortem motor cortex shows decreased TUBA4A expression

To investigate possible alterations in the expression of the TUBA4A protein in ALS, we performed western blot on SDS-soluble extracts from motor cortex from ALS and control cases using a TUBA4A-specific antibody. A significant decrease in the total protein expression of TUBA4A in ALS compared to control motor cortex was observed (p = 0.0066; unpaired t-test; Figures 1a, b; online resource Supplementary Figure 1a). In the spinal cord, there was a trend toward decreased TUBA4A levels in ALS cases compared to controls, although significance was not reached (p = 0.1349; unpaired t-test; online resource Supplementary Figures 1b, c). In addition, we evaluated the TUBA4A expression pattern by immunohistochemistry in ALS and control cases and observed a dense staining of the cell body and neurites in the motor cortex (Figure 1c) and in the spinal cord (online resource Supplementary Figure 2), both in ALS cases and controls. No TUBA4A inclusions were observed microscopically in the motor cortex or the spinal cord (Figure 1c, online resource Supplementary Figure 2). These results from post-mortem human tissue showed that TUBA4A protein levels were reduced in sporadic ALS patient tissue without changes in protein distribution.
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FIGURE 1
ALS post-mortem motor cortex exhibits TUBA4A downregulation. (a) Western blot on SDS-soluble lysates derived from the motor cortex of control (n = 5) and ALS (n = 5) cases using an antibody against TUBA4A (C-term). GAPDH was used as a loading control. (b) Quantification of the expression of TUBA4A as a ratio to GAPDH in the motor cortex. Unpaired t-test. (c) Immunohistochemical staining of the motor cortex of a representative ALS and control case with an antibody against TUBA4A (C-term). Scale bar represents 50 μm. **p < 0.01.




3.2 Knockdown of zebrafish TUBA4A orthologue induces dose-dependent axonal abnormalities and motor behavior deficits in zebrafish

To determine the potential significance of TUBA4A downregulation, we investigated whether the knockdown of tuba8l2 is deleterious to motor axons of zebrafish embryos. This is the single zebrafish TUBA4A orthologue (ENSDARG00000031164), which is 94% conserved at the protein level when compared to human TUBA4A, and shown to be expressed throughout all anatomical structures in embryonic stages (at least until pec-fin stage at 72 hpf (Thisse and Thisse, 2004). We designed a morpholino directed against the ATG start codon of tuba8l2 (Figure 2a) and injected different doses in one- to two-cell stage zebrafish oocytes. The highest dose of 0.160 mM was determined through a dose-response where we observed a high increase in morphological abnormalities together with a fast drop in survival at doses above 0.200 mM. The dose of 0.160 mM led to morphologically normal embryos (Figure 4a) and a standard control morpholino was injected at a dose equaling the highest dose of the tuba8l2 morpholino (0.160 mM). We then assessed tuba8l2 protein levels by western blot at 48 hpf using a specific antibody against TUBA4A (C-term). We detected a dose-dependent knockdown of tuba8l2 levels, with the highest knockdown of 54% at 0.160 mM of morpholino (mean ratio to control: 0.46), a knockdown of 41% at a dose of 0.125 mM (mean ratio to control: 0.59) and a 12% knockdown when we injected 0.050 mM morpholino (mean ratio to control: 0.88) (Figures 2b, c; online resource Supplementary Figure 3). Importantly, the morpholino injection and subsequent reduction in tuba8l2 did not affect the levels of total α-tubulin, as shown by western blot with an antibody against α-tubulin (Figures 2d, e; online resource Supplementary Figure 3) suggesting compensation by other isotypes.
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FIGURE 2
Specific tuba8l2 knockdown in zebrafish induces axonal abnormalities. (a) An ATG morpholino was designed against the Danio rerio TUBA4A orthologue tuba8l2. (b–e) Western blot was performed at 48 hpf after injection of different doses of ATG morpholino against tuba8l2 (0.160 mM, 0.125 mM and 0.050 mM) as well as the injection of a control morpholino (0.160 mM). N = 3 experiments; n = 10–15 zebrafish per group per experiment. Quantification of tuba8l2 panel (c) and α-tubulin panel (e) protein levels relative to GAPDH for the different injection conditions. (f,g) Visualization of motor axons by SV2 immunohistochemistry at 30 hpf after injection of different doses of ATG morpholino against tuba8l2 (0.160 mM, 0.125 mM and 0.050 mM) or a control morpholino (0.160 mM). A non-injected condition was also included. Scale bar represents 50 μm p < 0.0001 (0.160 mM versus AMO control), p < 0.0001 (0.125 mM versus AMO control) and p < 0.0450 (0.050 mM versus AMO control); one-way ANOVA with Dunnett’s multiple comparisons. Axonal length was measured for N = 3 experiments; n = 10–15 zebrafish embryos per group per experiment; with every data point representing the average length of the five measured axons for each zebrafish embryo. *p < 0.05; ****p < 0.0001. AMO, morpholino; hpf, hours post fertilization.


To assess the effect of the specific knockdown of tuba8l2 on motor neuron axonal morphology, we performed SV2 immunohistochemistry to visualize the ventral roots projections of the spinal cord motor neurons at 30 hpf (Figure 2f) (Swinnen et al., 2018). We observed a significant reduction in axonal length in the 0.160 mM tuba8l2 morpholino condition compared to the control morpholino condition (p < 0.0001; one-way ANOVA with Dunnett’s multiple comparisons; Figure 2g). This effect was dose-dependent, as shown by the 0.125 mM and 0.050 mM morpholino conditions (p < 0.0001 and p = 0.045, respectively; one-way ANOVA with Dunnett’s multiple comparisons; Figure 2g).

To assess whether tuba8l2 knockdown in zebrafish also had an effect on motor function, we performed a touch-evoked escape response (TEER) assay at 48 hpf as previously described (Kabashi et al., 2011). We compared non-injected, control morpholino injected and tuba8l2 morpholino injected conditions, with an example escape trace of the AMO control condition depicted in Figure 3d. This assay showed that reduction of tuba8l2 led to a shorter escape, as shown by a significant decrease in total distance travelled (0.160 mM: p < 0.0001; 0.125 mM: p = 0.0001; Kruskal-Wallis test with Dunn’s multiple comparisons; Figure 3a). Furthermore, we observed a significant reduction in the average velocity (Figure 3b) and instant maximal velocity (Figure 3c) in the 0.160 mM (p < 0.0001; one-way ANOVA with Dunnett’s multiple comparisons) and the 0.125 mM (p < 0.0001; one-way ANOVA with Dunnett’s multiple comparisons) tuba8l2 morpholino-injected embryos compared to control morpholino. In conclusion, we find that the specific knockdown of the zebrafish orthologue of TUBA4A led to a dose-dependent axonopathy and motor behavior phenotype similar to what has previously been described for zebrafish ALS models.
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FIGURE 3
Zebrafish motor behavior deficits are induced by tuba8l2 knockdown. Zebrafish were subjected to a touch-evoked escape response (TEER) assay at 48 hpf after injection of different doses of ATG morpholino against tuba8l2 (0.160 mM, 0.125 mM, 0.050 mM), or a control morpholino (0.160 mM). In addition, non-injected embryos were included in the analysis. (a) Total distance for 0.160 mM (p < 0.0001), 0.125 mM (p = 0.0001) and 0.050 mM (p = 0.1936) compared to AMO control condition. (b) Average velocity for 0.160 mM (p < 0.0001), 0.125 mM (p < 0.0001) and 0.050 mM (p = 0.9814) compared to AMO control condition. (c) Maximal instant velocity 0.160 mM (p < 0.0001), 0.125 mM (p < 0.0001) and 0.050 mM (p = 0.9983) compared to AMO control condition. Kruskal-Wallis test with Dunn’s multiple comparisons panel (a) or one-way ANOVA with Dunnett’s multiple comparisons panels (b,c); N = 3 experiments; n = 10–15 zebrafish embryos per group per experiment; with each data point representing an individual zebrafish embryo. (d) Visual example of the tracking of an escape response in the AMO control condition using the TEER assay in zebrafish embryos at 48 hpf. ***p < 0.001; ****p < 0.0001. AMO, morpholino; hpf, hours post fertilization.




3.3 Axonal phenotype and motor behavior defects are rescued by human TUBA4A mRNA

To confirm that the observed phenotypes are indeed a direct consequence of the specific knockdown of tuba8l2, and to confirm functional conservation between zebrafish and human orthologues, we assessed the rescue of these phenotypes through the co-expression of human wild-type TUBA4A. To achieve this, we injected zebrafish eggs with human HA-tagged TUBA4A mRNA at the highest non-toxic dose of 300 ng/μl, and collected the embryos for western blot at 48 hpf. An anti-HA antibody confirmed the expression of the HA-TUBA4A protein at 48 hpf in the TUBA4A mRNA-injected condition, which was absent in the control condition (Online resource; Supplementary Figure 4). Next, we co-injected TUBA4A mRNA with the highest tuba8l2 morpholino dose (i.e.,0.160 mM) (Figure 4a). We analyzed the effect on spinal cord motor neurons, as aforementioned, by measuring axonal length using SV2 immunohistochemistry at 30 hpf. This showed a rescue of the phenotype by the co-injection of wild-type TUBA4A mRNA (Figure 4; p = 0.0051; one-way ANOVA with Dunnett’s multiple comparisons).
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FIGURE 4
Rescue of axonal length defects by the addition of human wild-type TUBA4A mRNA. Zebrafish embryos were injected with an ATG morpholino against zebrafish tuba8l2 (0.160 mM) with or without the injection of human wild-type TUBA4A mRNA (300 ng/μl). Non-injected embryos were also included in the analysis. (a) Representative whole body images of zebrafish embryos for the different conditions at 48 hpf (scale bar represents 500 μm). (b) At 30 hpf, axonal length was measured for all conditions, with p = 0.0051 (AMO 0.160 mM versus AMO 0.160 mM + TUBA4A mRNA), p < 0.0001 (AMO 0.160 mM versus non-injected) and p < 0.0001 (non-injected versus AMO 0.160 mM + TUBA4A mRNA); one-way ANOVA with Dunnett’s multiple comparisons. Axonal length was measured for N = 3 experiments; n = 10–15 zebrafish per group per experiment; with every data point representing the average length of the five measured axons for each zebrafish embryo. **p < 0.01; ****p < 0.0001. AMO, morpholino; hpf, hours post fertilization.


When we performed the TEER assay at 48 hpf, we also observed a complete rescue of the phenotype when looking at the total distance travelled (Figure 5a; p < 0.0001; Kruskal-Wallis test with Dunn’s multiple comparisons), and a partial rescue of the phenotype for the average swimming velocity (Figure 5b; p < 0.0001; Kruskal-Wallis test with Dunn’s multiple comparisons) and the instant maximal swimming velocity (Figure 5c; p < 0.0001; Kruskal-Wallis test with Dunn’s multiple comparisons). Representative escape traces for 10 embryos per group are depicted in Figure 5d. We showed that the observed axonopathy and behavioral phenotype induced by the knockdown of tuba8l2 could be rescued by co-expression of human TUBA4A mRNA, confirming both the conservation between orthologues and the specificity of our knockdown approach.
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FIGURE 5
Rescue of motor behavior deficits by the addition of human wild-type TUBA4A mRNA. Zebrafish embryos were subjected to a touch-evoked escape response (TEER) assay at 48 hpf after injection with an ATG morpholino against zebrafish tuba8l2 (0.160 mM) with or without the injection of wild-type human TUBA4A mRNA (300 ng/μl). Non-injected embryos were also included in the analysis. (a) Total distance for AMO 0.160 mM + TUBA4A mRNA compared to non-injected (non-significant) and AMO 0.160 mM condition (p < 0.0001), and non-injected (p < 0.0001) compared to AMO 0.160 mM condition. (b) Average velocity for AMO 0.160 mM + TUBA4A mRNA compared to non-injected (p = 0.0018) and AMO 0.160 mM condition (p < 0.0001), and non-injected (p < 0.0001) compared to AMO 0.160 mM condition. (c) Maximal instant velocity for AMO 0.160 mM + TUBA4A mRNA compared to non-injected (p = 0.0110) and AMO 0.160 mM condition (p < 0.0001), and non-injected (p < 0.0001) compared to AMO 0.160 mM condition. Kruskal-Wallis test with Dunn’s multiple comparisons; N = 3 experiments; n = 10–15 zebrafish embryos per group per experiment; which each data point representing an individual zebrafish embryo. (d) Representative escape traces from 10 zebrafish embryos per group shown as a visual example. *p < 0.05, **p < 0.01, and ****p < 0.0001. AMO, morpholino; hpf, hours post fertilization.




3.4 Knockdown of zebrafish tuba8l2 does not alter microtubule polymerization

Microtubule growth rates are known to be affected by the amount of soluble, free tubulin (Stepanova et al., 2003). Since TUBA4A is highly expressed in neurons, knockdown of this specific α-tubulin isotype could alter microtubule assembly and thus be responsible for the observed phenotypes. We therefore investigated changes in microtubule polymerization by performing an EB3 comet assay. Indeed, EB3 is a plus-end tracking protein (+TIP) known to bind the plus-end of growing microtubules in order to regulate their dynamics (Stepanova et al., 2003). These assembly events, called ‘comets’, can be quantified by imaging the association of an EB3 fusion protein with the growing microtubule via time-lapse imaging. We performed a live, in vivo comet assay in single CaP motor neurons of 48 hpf zebrafish embryos injected with pUAS-EB3-GFP, in the mnx1:GAL4 background (Figure 6e: composite z-stack projection of one CaP motor neuron), as performed previously (Bercier et al., 2019). We quantified the comet metrics (i.e., distance, duration and velocity) on kymograms extracted from time-lapse imaging (Figure 6f) in tuba8l2 AMO and control AMO injected embryos, but did not observe any significant changes in the kinetics of polymerization events (Figures 6a–c; respectively, p = 0.8230, unpaired t-test p = 0.7340, p = 0.4605, Mann-Whitney test). In addition, reduction of tuba8l2 did not affect the number of events, as quantified by the comet density (Figure 6d; p = 0.3741, Mann-Whitney test). Overall, a reduction of tuba8l2, without changes in total α-tubulin (Figures 2d, e), did not affect microtubule polymerization rates or kinetics in 48 hpf zebrafish motor neurons.
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FIGURE 6
Zebrafish microtubule polymerization is not affected by tuba8l2 knockdown. At 48 hpf, an EB3 comet assay was performed in single CaP motor neurons after co-injection of an ATG morpholino against tuba8l2 (0.160 mM) or a control morpholino (0.160 mM). (a–d) Quantification of the comet run metrics extracted from kymograms show no difference in microtubule growth kinetics. (a) Average comet distance for AMO 0.160 mM (p = 0.8230) compared to AMO control condition. (b) Average comet duration for AMO 0.160 mM (p = 0.7340) compared to AMO control condition. (c) Average comet velocity for AMO 0.160 mM (p = 0.4605) compared to AMO control condition. (d) Average comet density for AMO 0.160 mM (p = 0.3741). Unpaired t-test (a) or Mann-Whitney test (b,c,d); N = 3 experiments; n = 20–37 zebrafish embryos with each data point representing an individual zebrafish embryo. (e) Representative image (composite z-stack projection) of EB3-GFP in AMO control zebrafish embryo. Red box: representative area for the comet analysis in a distal segment in the CaP. (f) Representative kymograms represent microtubule growth extracted through time-lapse imaging (500 ms/5 min) of EB3-GFP comets in single CaP motor neurons distal arbors at 48 hpf. Each pixel on the Y-axis represents one timepoint image (time) projected against the neurite length (distance) on the X-axis. AMO, morpholino; hpf, hours post fertilization; CaP, caudal primary; scale bar, 25 μm; t, time (5 min); d, distance (average: 17 μm segments).




3.5 Changes in post-translational modifications of tubulin are induced by knockdown of tuba8l2

As we observed no significant changes in microtubule growth after knockdown of the TUBA4A zebrafish orthologue tuba8l2, we decided to look further into microtubule PTMs. Indeed, the isotype composition of microtubules can not only influence their stability, but also their PTMs which often decorate the C-terminal tail of tubulins regulating a range of functions (Janke and Magiera, 2020). More specifically, we investigated acetylated α-tubulin, detyrosinated α-tubulin, and polyglutamylated tubulin levels because all three have been shown to play a role in microtubule functionality (Bodakuntla et al., 2021; Cappelletti et al., 2021; Sanyal et al., 2021).

First, we performed western blotting on total lysate from 48 hpf zebrafish embryos injected with tuba8l2 AMO compared to control AMO (Figures 7a–c). We found that both acetylated as well as detyrosinated α-tubulin levels were significantly decreased upon knockdown of tuba8l2 (Figures 7d, e; respectively, p = 0017, p = 0.0001 unpaired t-test). For polyglutamylated tubulin on the other hand, there was more variation although a general trend toward decreased levels could be observed (Figure 7f, p = 0.2014 unpaired t-test). These results suggest that a reduction in tuba8l2 affects microtubule PTMs, which are known to be involved in neurodegeneration, and therefore potentially affect the functions they regulate, such as interactions with molecular motors for axonal transport, protection from disassembly and/or from mechanical aging (Janke and Magiera, 2020; Moutin et al., 2021).
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FIGURE 7
Specific tuba8l2 knockdown in zebrafish induces changes in post-translational modifications of tubulin. (a–f) Western blot was performed on whole fish lysate from 48 hpf embryos injected with ATG morpholino against tuba8l2 (0.160 mM) vs. control morpholino (0.160 mM). N = 6 experiments; n = 10–30 zebrafish per group per experiment. (a–c) Representative western blot for acetylated α-tubulin (a), detyrosinated α-tubulin (b) and polyglutamylated tubulin (c). (d–f) Quantification of acetylated α-tubulin (d) (p = 0017), detyrosinated α-tubulin (e) (p < 0.0001) and polyglutamylated tubulin (f) (p = 0.2014) protein levels relative to α-tubulin after normalization to GAPDH for the different injection conditions. Data represent mean ± SEM. Unpaired t-test: ** p < 0.01, *** p < 0.001. AMO, morpholino; hpf, hours post fertilization; ctrl, control.





4 Discussion

In this study, we showed that a reduction of TUBA4A protein expression, as observed in post-mortem tissue of sporadic ALS patients, leads to an ALS-related phenotype in embryonic zebrafish via knockdown of the zebrafish orthologue of TUBA4A (tuba8l2). Moreover, we observed a decreased axonal length of spinal motor neurons and a behavioral phenotype, which were dose-dependent and rescued by the addition of wild-type human TUBA4A mRNA, demonstrating the specificity of our approach and conservation of the orthologue. We hereby investigated the mechanism by which the reduction of tuba8l2 could induce these phenotypes and found no change in microtubule polymerization while we did find alterations in post-translational modifications of tubulin, known to be involved in neurodegeneration. These results extend the importance of TUBA4A, a familial ALS disease gene, to sporadic ALS cases, suggesting that alterations in its expression may indeed be a contributing factor in ALS pathophysiology.

Mutations in various tubulin isotypes are associated with disease, supporting a functional specification of alternative isotypes (Breuss et al., 2017). Interestingly, TUBA4A is the isotype with the highest expression in the human motor cortex after birth (Leandro-García et al., 2010; Sferra et al., 2020) and its expression in the brain dramatically increases with age. This could explain why TUBA4A dysregulation may contribute to adult-onset neurodegenerative disease, contrary to mutations in other tubulin isotypes involved in neurodevelopmental disorders (Tischfield et al., 2011; Chakraborti et al., 2016; Castellanos-Montiel et al., 2020). Previously, C-terminal mutations in TUBA4A were shown to be associated with classical spinal onset ALS, and to be associated in some cases with FTD-like symptoms (Smith et al., 2014; Perrone et al., 2017). The C-terminal part of TUBA4A is important for its interaction with β-tubulin and microtubule-associated proteins (MAPs), which regulate microtubule stability (Wall et al., 2016). C-terminally mutated TUBA4A proteins were shown to be ineffective at forming tubulin dimers in vitro, and displayed a decreased incorporation into protofibrils, inhibiting microtubule network stability (Smith et al., 2014). These mutations, would therefore represent a toxic gain-of-function due to the production of mutant protein products. On the other hand, N-terminal TUBA4A mutations were identified in patients presenting with FTD, possibly with extrapyramidal symptoms (Perrone et al., 2017; Mol et al., 2021). We and others have shown that these mutations led to reduced TUBA4A levels in central nervous system tissues, suggesting a loss-of-function mechanism (Mol et al., 2021; Okada et al., 2021; Van Schoor et al., 2022).

Interestingly, a downregulation of TUBA4A protein expression was also reported in the brain of sporadic ALS patients (Helferich et al., 2018), which we confirmed in this study via western blotting of motor cortex tissue. In addition, we detected a trend toward a decreased TUBA4A expression in the spinal cord of sporadic ALS patients, though the high variability between samples prevented statistical significance. Furthermore, qualitative IHC analysis indicated no differences in the cellular localization of TUBA4A between ALS and control cases, and no TUBA4A aggregates were detected, in line with a previous study (Smith et al., 2014). Altogether, these data suggest that alterations in expression of TUBA4A are of importance in sporadic ALS pathogenesis.

Downregulation of TUBA4A can occur through the miR-1825/TBCB/TUBA4A pathway, previously reported to be dysregulated in sporadic and familial ALS. Indeed, it was demonstrated that miR-1825 downregulation in ALS patient tissue led to increased tubulin-folding cofactor B (TBCB) levels, which led to the sequestration of TUBA4A and induced a decrease in its expression (Helferich et al., 2018). This gives an indication of the possible upstream events leading to decreased TUBA4A levels in ALS, aside from N-terminal TUBA4A mutations (Van Schoor et al., 2022). Importantly, we here demonstrate the causality of TUBA4A downregulation by showing that knockdown of the TUBA4A orthologue tuba8l2 in zebrafish embryos led to ALS-associated abnormalities, namely spinal axonopathy and behavioral deficits. These phenotypes were previously also shown to be triggered by pathological protein products such as mutant SOD1 (Van Hoecke et al., 2012) and mutant TDP-43 (Laird et al., 2010), as well as by the pathological hallmarks of patients with C9orf72 mutations, i.e., dipeptide repeat proteins (DPRs) and sense and anti-sense repeat RNA (Swinnen et al., 2018), among others. Importantly, the severity of the observed phenotypes was dose-dependent, did not affect total α-tubulin levels and could be rescued by co-expression of human TUBA4A, which alone caused a reduction of endogenous tuba8l2 (Online resource; Supplementary Figure 4). This suggests that the TUBA4A level is specifically important for neuronal health and that its reduction can contribute to ALS pathobiology.

Since a reduction of TUBA4A might affect cytoskeletal integrity in neurons, we investigated microtubule polymerization in our zebrafish model. However, we did not observe changes in the number of polymerization events or the kinetics at which they occur. We then assessed the levels of known PTMs in whole fish lysate and found decreased levels of acetylated α-tubulin, detyrosinated α-tubulin, and trends indicating decreased polyglutamylated tubulin. Indeed, aside from the composition of specific tubulin isotypes, microtubule specification also occurs through tubulin post-translational modifications (PTMs). Specifically, neuronal microtubules mainly undergo detyrosination of the C-terminal tyrosine, acetylation at K40 and polyglutamylation (Moutin et al., 2021). These PTMs are fine-tuned, unevenly distributed and are known to accumulate as neurons differentiate and mature (Sferra et al., 2020). Importantly, out of nine α-tubulins isotypes, only TUBA8 and TUBA4A lack the C-terminal tyrosine residue which undergoes detyrosination (Janke and Magiera, 2020; Sanyal et al., 2021). As a result, the integration of TUBA4A in microtubules mimics enzymatically detyrosinated α-tubulin, linked with increased stability (Janke and Magiera, 2020), and is enriched in the axonal microtubules of neurons (Boiarska and Passarella, 2021; Moutin et al., 2021; Sanyal et al., 2021). A reduction in TUBA4A could therefore lead to decreased levels in detyrosinated α-tubulin, in line with what we have observed. Furthermore, acetylation is present along the entire axonal microtubule cytoskeleton, while tyrosination is predominantly present at the growing, actively polymerizing ends of microtubules. Axonal microtubules are thus presumed to be long-lived, having highly acetylated and detyrosinated tubulins (Janke and Magiera, 2020). According to our findings in the zebrafish model, the reduction of TUBA4A by knockdown of orthologue tuba8l2 results in decreased levels of both acetylated and detyrosinated α-tubulin. While we could not achieve statistical significance for the polyglutamylated tubulin levels, our results do suggest a decrease which could have an additional negative impact on microtubule functionality. Indeed, polyglutamylation does not only modulate the binding of MAPs and molecular motors, it is also shown to be necessary in modulating synaptic transmission-related transport. Furthermore, alterations in this PTM were previously associated with neurodegeneration (Magiera et al., 2018; Moutin et al., 2021; Hausrat et al., 2022).

In ALS, the dying-back hypothesis implies that abnormalities in axon connectivity and synaptic function long precede somatic cell death (Fischer et al., 2004; Nijssen et al., 2017). Defects in cytoskeleton integrity and microtubule-dependent transport mechanisms can thus result in axonal trafficking disruption and dysfunctional neuromuscular junctions (Castellanos-Montiel et al., 2020; Sanyal et al., 2021; Stoklund Dittlau et al., 2021). Due to the physical length of motor neuron axons, cortical and spinal motor neurons are thought to be particularly vulnerable to this dying-back mechanism (Clark et al., 2016). Apart from TUBA4A, other genes involved in cytoskeleton integrity have also been linked with ALS, namely DCTN1, KIF5A, PRPH, NF-H, PFN1 and SPAST (Chakraborti et al., 2016; Guo et al., 2020). This stresses the causative relation between cytoskeletal defects and neurodegeneration in the context of ALS. Therefore, our results are consistent with the hypothesis that a downregulation of TUBA4A expression leads to aberrant cytoskeletal function, explaining the observed axonal phenotype and motor behavior in zebrafish.

In conclusion, we showed an ALS-related axonopathy and behavioral phenotype in zebrafish embryos following downregulation of the zebrafish orthologue for TUBA4A via knockdown of tuba8l2. While we did observe changes in tubulin PTMs, we did not observe changes in microtubule polymerization. This could be due to the fact that expression of total α-tubulin was not affected by the reduction of tuba8l2 (Wethekam and Moore, 2022). Overall, these data support that, apart from ALS cases bearing a TUBA4A mutation, dysregulated TUBA4A expression plays an important role in sporadic ALS disease pathogenesis, and stresses the importance of microtubule dysfunction in ALS.


4.1 Limitations of this study

In this study, we assessed axonal and behavioral phenotypes in embryonic zebrafish stages (until 48 hpf). An important limitation of the use of zebrafish to model a motor neuron disorder such as ALS is the absence of corticospinal upper motor neurons projecting to the spinal cord in zebrafish. The use of embryonic zebrafish also has its limitations to model an adult onset neurodegenerative disease. However, zebrafish experiments offer an advantage over standard cell culture models as it gives the possibility to study effects on motor behavior in addition to axonal pathology, which is not possible in vitro. Moreover, the zebrafish orthologue tuba8l2 shows 94% conservation compared to human TUBA4A at the protein level, and we showed that TUBA4A can compensate for the loss of tuba8l2 in our rescue experiments. This suggests functional conservation between the two orthologues, with both genes able to regulate motor axon morphology and motor behavior. Although the use of morpholino-based knockdown in zebrafish can be an important avenue to explore emerging pathogenic pathways in neurodegenerative disorders, like any model, it has its limitations. Thus, research including other in vivo and patient-relevant in vitro models is needed to further unravel the downstream consequences of TUBA4A downregulation, and how this contributes to ALS-related neurodegeneration.
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Background: The relationship between routine cerebrospinal fluid (CSF) testing and the disease phenotype of amyotrophic lateral sclerosis (ALS) is unclear, and there are some contradictions in current studies.

Methods: This study aimed to analyze the relationship between CSF profiles and disease phenotype in ALS patients. We collected 870 ALS patients and 96 control subjects admitted to West China Hospital of Sichuan University. CSF microprotein, albumin, IgG, index of IgG (IgGindex), albumin quotient (QALB), and serum IgG were examined.

Results: In ALS patients, CSF IgG, and QALB were significantly increased, while CSF IgGindex was decreased, compared with control subjects. Approximately one-third of ALS patients had higher CSF IgG levels. The multiple linear regression analysis identified that CSF IgGindex was weakly negatively associated with ALS functional rating scale revised (ALSFRS-R) scores (β = −0.062, p = 0.041). This significance was found in male ALS but not in female ALS. The Cox survival analyses found that upregulated CSF IgG was significantly associated with the increased mortality risk in ALS [HR = 1.219 (1.010–1.470), p = 0.039].

Conclusion: In the current study, the higher CFS IgG was associated with increased mortality risk of ALS. CSF IgGindex may be associated with the severity of ALS. These findings may be sex-specific.

Keywords
 amyotrophic lateral sclerosis; cerebrospinal fluid profiles; disease phenotype; IgG; QALB (CSF albumin/serum albumin)


Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by loss of upper motor neurons and lower motor neurons resulting in progressive muscle atrophy and paralysis (Yang et al., 2022; Akçimen et al., 2023). The ALS phenotype varies across different ethnicities and regions. The average age of onset in ALS cohorts is around 66 years in Germany, 52 years in northern China, and 55 years in southwestern China (Rosenbohm et al., 2018; Chen et al., 2021; Wei et al., 2022). Currently, the majority of research suggests that ALS is associated with various factors such as immunity and infection, metallic elements, genetics, environmental factors, and many others (Li C. et al., 2022; Yang et al., 2022, 2023). However, the etiology and pathogenesis of ALS are highly complex and remain unknown. There are regional and racial differences in ALS patients. The research of biomarkers in cerebrospinal fluid (CSF) is one of the most active areas of ALS. Most previous studies focused on comparing the differences between healthy controls (HCs) and ALS patients, and most found that CSF IgG levels, CSF protein levels, and the quotient of CSF albumin and blood albumin (QALB) in ALS patients were higher than those in controls (Gårde et al., 1971; Leonardi et al., 1984; Norris et al., 1993; Assialioui et al., 2022). However, the associations between CSF profiles and the disease phenotype of ALS are controversial. Some studies found that the CSF protein of patients with late-onset ALS was significantly higher than that of patients with early-onset ALS (Guiloff et al., 1979; Leonardi et al., 1984), while other studies found that the CSF protein of ALS patients gradually decreased with the increased age of onset (Guiloff et al., 1980; Norris et al., 1993). Some studies found that ALS patients with higher CSF IgG, CSF protein, and QALB had short survival times (Guiloff et al., 1980; Li J. Y. et al., 2022; Klose et al., 2023). However, some studies did not find that CSF protein levels were associated with the survival of ALS (Norris et al., 1993; Li J. Y. et al., 2022). Besides, the associations with the disease phenotypes such as the stage of the disease or the progression rate turned out to be unapparent in the majority of the studies (Tarasiuk et al., 2012; Zhao et al., 2020). One recent study found CSF protein was significantly negatively associated with the ALS functional rating scale revised (ALSFRS-R) scores in female ALS, not in male ALS (Assialioui et al., 2022). These inconsistent findings of the CSF profiles may result from inherent limitations, including small sample size, varied applied methods, characteristics of enrolled ALS patients, ethnic differences of participants, and so on. Therefore, the relationship between CSF profiles and disease phenotypes needs further study.

As the basic laboratory examinations, CSF profiles might reflect the pathophysiological alterations along the disease course and provide insight into the pathogenesis of the disease. Therefore, in the present study, we analyzed the CSF profiles from a longitudinal cohort of ALS from Southwest China, trying to elucidate the relationship between the CSF profiles and the phenotype, severity, progression, and prognosis of the disease.



Methods


Patients and controls


Inclusion criteria

All ALS patients included in the study, from the Department of Neurology, West China Hospital of Sichuan University between 2009 and 2022, who received a diagnosis of probable or definite ALS based on the El Escorial revised criteria. Demographic and clinical characteristics, such as age of onset, sex, disease type, disease stage, site of onset, disease course, progression rate, ALSFRS-R scores, and survival status, were recorded for each patient. Control subjects were admitted to the hospital for suspected neurological diseases, and underwent lumbar puncture as part of routine diagnostic procedures; no medication was administered at the time of the lumbar puncture.



Exclusion criteria

In the present study, participants with acute infections or trauma were excluded. Furthermore, individuals with immune system-related conditions such as multiple sclerosis, systemic lupus erythematosus, etc., which could potentially impact immune-related factors, were also excluded. ALS patients who did not undergo complete follow-up were excluded from the primary analysis; their data was solely utilized for sensitivity analysis.

The disease course was defined as the interval between the first symptoms of the disease onset and the hospitalization when the CSF and serum were examined. The progression rate was calculated using the total revised ALSFRS-R and symptom duration at diagnosis. ALSFRS-R scores were spliced into three subgroups of severity: mild (37–48), moderate (25–36), and severe (0–24). All the ALS patients were followed up at about 3-month intervals, and it was possible to determine a slope of deterioration for the clinical features of these patients. For survival analysis, the database was closed in August 2023. The term “death” is defined as death, endotracheal intubation, tracheostomy, and date of death confirmed by relatives.

We received approval from the ethical standards committee on human experimentation at West China Hospital. Written informed consent for research was obtained from all patients and control subjects participating in the study. All procedures and protocols were carried out in accordance with the guidelines of the Declaration of Helsinki and the International Ethical Guidelines for Human Biomedical Research.



CSF analysis

Lumbar puncture was performed in all participants. All CSF samples were checked for blood contamination. No sample was excluded due to contamination. All tests were conducted by the Department of Experimental Medicine of West China Hospital. Albumin and IgG in CSF and serum were detected using Beckman Coulter IMMAGE800 automatic specific protein analyzer (United States, IMM-10013) and its original supporting reagents, and using the industry gold standard rate scattering method with high efficiency and accuracy. The reference ranges were all based on the biological reference intervals provided by BECKMAN COULTER and executed in accordance with the “Clinical Laboratory Testing Project Reference Interval Establishment Standard” formulated by the National Health Commission of the People’s Republic of China (WCH-LM-IMM-EXT-SP-026-07 WS/T 402). The reference ranges of CSF microprotein, albumin, IgG, index of IgG (IgGindex), and serum IgG (s-IgG) were 0.15–0.45 g/L, 0.134–0.337 g/L, 0.005–0.041 g/L, 0.18–0.84, and 8.00–15.50 g/L. QALB (QALB = AlbCSF/AlbS) is the albumin quotient, recognized as an effective marker to evaluate the permeability of the blood–brain barrier (BBB) (Reiber and Peter, 2001). CSF IgGindex is calculated through the equation; IgGindex = QIgG/QALB(QIgG = CSF IgG/s-IgG).



Statistics

The normal distribution of the data was assessed by visual inspection and Shapiro–Wilk tests. The levels of CSF profiles between ALS patients and control subjects were compared using the Mann–Whitney U test and Kruskal-Wallis nonparametric test for non-normal variables and the Student’s test for normal variables. The chi-square test was used to evaluate differences in frequencies. Pearson’s or Spearman’s correlation coefficients were used to evaluate the associations between these parameters and clinical phenotypes. One-way analysis of variance was used for comparison among multiple groups, and LSD and Welch’s ANOVA tests were used for pair-to-group comparison. Multiple regression analysis was applied to find these associations with adjustment for confounding factors. Survival analysis was performed with a stepwise Cox proportional hazard analysis. After propensity score matching of ALS and control participants based on age and sex in a 1:1 ratio, inter-group comparisons of CSF profiles were conducted once more. The results of non-normal data were presented as non-normal data as median (interquartile range). We utilized the Hodges–Lehmann estimation to compute the median difference along with the 95% CI. The significance level was set at p < 0.05. All statistical analyses were conducted with SPSS (v26; IBM SPSS Statistics for Windows, Armonk, NY) software and GraphPad Prism 9 (GraphPad Software, Inc. Boston, MA, United States).





Results

In the study, 957 ALS patients underwent CSF and serum examinations during hospitalization. Eighty-seven ALS patients were lost to follow-up and were excluded from the study (9.1%) (Supplementary Figure S1). The control group consisted of 96 patients diagnosed with primary headache (41.7%) and anxiety and depression status (58.3%). The median age of ALS patients was 57.26 (48.15–64.99) years, while that of the control group was 41.00 (26.00–52.00) years. The ALS group comprised 530 males and 340 females, whereas the control group consisted of 28 males and 68 females.

Among the included 870 ALS patients, 69.1% were classical phenotype, 77.0% were of limb onset, 23.0% were of bulbar onset, 26.2% were at stage I, 39.8% were at stage II, and 34.0% were at stage III. As of August 2023, 43.1% of the patients had taken riluzole for more than 3 months, and 70.3% of the patients had died (with a median survival time of 42.43 months). The characteristics of male ALS and female ALS patients are listed in Supplementary Table S1, and male ALS patients were found to be older and had more limb onset, higher mortality rate, and lower median survival time than female ALS patients (Supplementary Table S1).

We compared the CSF profiles between the 870 ALS patients and 96 control subjects, and found that CSF microprotein, albumin, IgG, and QALB in ALS patients were higher than those in the control group, but CSF IgGindex was lower than that in the control group (Table 1), although the difference was small. In ALS patients, the proportions above the median of the CSF microprotein, IgG, albumin, and QALB were significantly higher than those in controls (CSF microprotein: 56.9% vs. 13.5%; IgG: 53.6% vs. 26.0%; albumin: 53.5% vs. 19.8%; QALB: 53.7% vs. 11.5%). In ALS patients, the proportion of the CSF microprotein exceeding the upper limit of the normal range was 32.6%, IgG was 26.1%, and albumin was 14.6%. Besides, we found that the difference in CSF microprotein, IgG, albumin, and QALB remained significantly higher between ALS and controls in both male and female subgroups (Supplementary Tables S2, S3). However, the differences in the CSF IgGindex between female ALS and female control subjects were insignificant (Supplementary Table S3). Taking into account the significant differences in age and sex between ALS and control participants, propensity score matching was conducted based on age and sex, resulting in the selection of 69 ALS participants and 69 control participants in a 1:1 matching ratio. After matching, there were no significant differences in age and sex between the groups. However, the levels of CSF microprotein, IgG, albumin, and QALB in the ALS group remained significantly higher than those in the control group, and the CSF IgGindex remained significantly lower than that in the control group, which were consistent with the results of the unmatched group comparisons (Table 1). In addition, in the subgroup analyses, we found that CSF microprotein, albumin, IgG, and QALB were higher in male than in female participants (Supplementary Tables S4, S5).



TABLE 1 Comparison of CSF profiles between ALS and control groups.
[image: Table1]

The correlation analyses found that CSF IgG was correlated with survival status (r = −0.075, p = 0.028; Table 2), that is, the higher the CSF IgG, the higher the risk of death from ALS. CSF IgGindex was negatively correlated with ALSFRS-R (r = −0.067, p = 0.048; Table 2). CSF IgG, albumin, and QALB were correlated with disease duration (CSF IgG: r = −0.105, p = 0.002; CSF albumin: r = −0.146, p < 0.001; QALB: r = 0.155 p < 0.001; Table 2). Considering the influence of sex in CSF profiles, we stratified ALS patients according to sex and found that in male ALS patients, CSF IgG and albumin were correlated with survival status, and CSF IgGindex was negatively correlated with ALSFRS-R (r = −0.109, p = 0.012, Table 2), but these associations did not exist in female ALS. Besides, we found that the associations of CSF IgG, albumin, QALB, and disease duration were found only in female ALS, but not in male ALS (Table 2).



TABLE 2 Correlation analysis between CSF profiles and clinical features of ALS.
[image: Table2]

In addition, we classified ALS into tertiles based on ALSFRS-R scores to analyze the correlation between CSF IgGindex and disease severity. We found that CSF IgGindex had significant differences between tertiles. Moderate ALS patients had higher CSF IgGindex compared to mild ALS patients (0.504 vs. 0.490, p = 0.006; Figure 1).
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FIGURE 1
 Comparison of CSF profiles among different subgroups of ALS and control group. (A) The difference in CSF microprotein, albumin, and IgG between mild, moderate, and severe ALS; (B) The difference in CSF albumin between mild, moderate, and severe ALS; (C) The difference in QALB between mild, moderate, and severe ALS; (D) The difference in CSF IgG between mild, moderate, and severe ALS; (E) The difference in CSF IgGindex between mild, moderate, and severe ALS; (F) The difference in serum IgG between mild, moderate, and severe ALS. *p < 0.05.


In order to verify whether the relationship between CSF IgGindex and ALSFRS-R was affected by other factors, multiple regression analysis was applied, and the results showed that CSF IgGindex was weakly correlated with ALSFRS-R scores in ALS patients after adjusting age of onset, sex, BMI, disease stage, site of onset, disease duration, and riluzole use (F = 30.624, p < 0.001; CSF IgGindex: β = −0.062, p = 0.041; Table 3). In the subgroup analyses, these correlations still existed in male ALS patients (β = −0.095, p = 0.015; Supplementary Table S6), but not in female ALS patients (β = −0.014, p = 0.784; Supplementary Table S7).



TABLE 3 Multiple linear regression analysis of ALSFRS-R of CSF IgGIndex.
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Since a significant correlation between CSF IgG and survival status was identified in ALS patients, we conducted further subgroup analysis based on the normal range of CSF IgG, and found that the survival time was shorter and survival rate were lower in the subgroup with CSF IgG exceeding the upper limit of the normal range (p < 0.001; Figure 2). In order to adjust the effects of other factors, including age of onset, disease course, disease stage, and site of onset, Cox survival analyses were performed. CSF IgG exceeding the upper limit of the normal range was significantly associated with the increased mortality risk in ALS patients [HR = 1.219 (1.010–1.470), p = 0.039; Figure 3]. Besides, ALS patients in stages II and III might be associated with increased mortality risk compared to those in stage I [stage II: HR = 1.689 (1.374–2.076), p < 0.001; stage III: HR = 2.100 (1.688–2.611), p < 0.001; Figure 3]. Older age of onset might be associated with increased mortality risk [age of onset: HR = 1.034 (1.027–1.042), p < 0.001; Figure 3], while longer disease duration and limb-onset compared to other onset regions may be associated with lower mortality risk [disease duration: HR = 0.947 (0.939–0.955), p < 0.001; site of onset: HR = 0.771 (0.639–0.931), p = 0.007; Figure 3].
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FIGURE 2
 Kaplan–Meier survival curves of ALS patients according to CSF IgG stratifications. Red line: CSF IgG above the upper limit. Blue line: CSF IgG below the lower limit.


[image: Figure 3]

FIGURE 3
 Forest plot of multivariable COX regression analysis for CSF IgG. Stage II: the odds ratio of mortality risk in Stage II compared to Stage I; Stage III: the odds ratio of mortality risk in Stage III compared to Stage I.


Sensitivity analysis: First, we compared the levels of CSF profiles between the lost to follow-up ALS patients and ALS patients included in the analysis and found no significant differences between ALS patients who were lost to follow-up and ALS patients who completed follow-up (Supplementary Table S8). Secondly, we included the loss to follow-up ALS patients in the sensitivity analysis and found that it did not affect the results of the aforementioned analysis.



Discussion

The study found a significant association between CSF IgG and survival status in ALS patients. The survival time was shorter and survival rates were lower in the ALS with CSF IgG exceeding the upper limit of the normal range. CSF IgGindex may negatively correlate with ALSFRS-R scores, especially in male ALS.

The current study found approximately one-third of ALS patients had higher CSF IgG levels. A previous study found IgG isolated from ALS patients increased the mobility of primary astrocyte endosomes and lysosomes, suggesting that it may be involved in the endocytosis/autophagy pathway (Stenovec et al., 2011). A single intraperitoneal injection of serum IgG from ALS patients induced a selective increase in the excitatory amino acids aspartate and glutamate levels in the CSF of rats (La Bella et al., 1997). Furthermore, some studies showed that IgG isolated from ALS patients can bind to CD16 receptors on microglia or lymphocytes and immune synapses between microglia and neurons (Edri-Brami et al., 2012, 2015), and can activate the oxidative stress response of microglia and release inflammatory factors (Milošević et al., 2017). Therefore, CSF IgG in ALS patients may accelerate the mortality risk in ALS by activating microglia to release oxidative stress. However, future basic research is still needed to elucidate the role of increased CSF IgG.

IgGindex = QIgG/QALB(QIgG = CSF IgG/s-IgG, QALB = AlbCSF/AlbS). In our study, we found that in mild ALS, the CSF IgGindex was lower compared to the control group. We considered this may be due to the significant increase in QALB in the ALS group compared to the control group. Therefore, as QALB serves as the divisor in the formula (IgGindex = QIgG/QALB), its significant increase may lead to a decrease in the quotient. However, the difference in QALB between mild ALS and moderate ALS was not significant. In this situation, CSF IgGindex may better reflect changes in QIgG, as consistent with the finding of the negative association between CSF IgGindex and ALSFRS-R scores in ALS patients. That is, the more severe the ALS patient, the higher the CSF IgGindex may be, indicating potentially more intrathecal IgG synthesis. Therefore, as an accessible CSF biomarker, CSF IgGindex can only roughly reflect the situation of intrathecal synthesis, and compared to the most reliable indicator of intrathecal oligoclonal protein synthesis, OB, it definitely has its limitations.

QALB is recognized as an effective marker to evaluate the permeability of the BBB (Reiber and Peter, 2001). The current finding of the significant increase in QALB of ALS patients was consistent with some studies (Wu et al., 2020; Alarcan et al., 2023). Some researchers believed that the disruption of BBB was an early event in ALS, and most studies suggested that BBB disruption in neurodegenerative diseases mediates the invasion of immune cells from the blood, resulting in neurodegeneration (Aragón-González et al., 2022; Beaman et al., 2022). However, Sweeney et al. suggested that decreased CSF reabsorption and/or production may elevate QALB, leading to potential false-positive results in reflecting BBB breakdown (Sweeney et al., 2018). Therefore, further research is necessary to investigate the generation and absorption of CSF in ALS patients, as well as the extent of BBB disruption, for a comprehensive analysis of the role of the immune system in the occurrence and progression of ALS.

In the study, we found that CSF microprotein, IgG, albumin, and QALB in male ALS patients were higher than those in female ALS patients, and the association between IgGindex and ALSFRS-R was found in male ALS patients, not in females. The male-to-female ratio of sporadic ALS is 1.3–1.5 (Logroscino et al., 2010). Hormones may play a protective role in the lower prevalence of ALS in females. The protective effect of female steroids may be due to their ability to prevent cell death and reduce the inflammatory component of the disease by acting directly on receptors expressed by motor neurons and muscle cells (Zhang et al., 2005). Therefore, sex differences should be paid attention to in the future.



Limitation

There are some limitations in the current study. First of all, although the research findings of this study were significant, the associations were relatively diverse, and this study only represents the situation of the local cohort; therefore, further validation is required through longitudinal multi-center studies. Secondly, it was not combined with other inflammatory and immune-related biomarkers in blood and CSF to analyze its correlation and its role in the disease progression and prognosis of ALS. Third, the study was observational only, and studies on the mechanism of changes of CSF IgG involved in the pathophysiology of ALS are needed in the future.



Conclusion

In the current study, we found that the higher CFS IgG was associated with increased mortality risk of ALS. Additionally, CSF IgGindex may be associated with the severity of ALS, especially in male ALS.
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Background: Obstructive sleep apnea (OSA) had a high prevalence in the population. Whether OSA increases the risk of amyotrophic lateral sclerosis (ALS) is unknown. Our aim was to clarify this issue using two-sample Mendelian randomization (MR) analysis in a large cohort.

Methods: Two-sample MR was used to evaluate the potential causality between OSA and ALS by selecting single-nucleotide polymorphisms (SNPs) as instrumental variables (IVs) from genome-wide association studies (GWAS). The inverse-variance weighted (IVW) method was chosen as the primary method to estimate causal association. Weighted median, weighted mode and simple mode methods were used as sensitivity analyses to ensure the robustness of the results.

Results: In MR analysis, IVW mode showed genetic liability to OSA was found to be significantly associated with a higher ALS risk (OR, 1.220; 95% confidence interval, 1.031–1.443; p = 0.021). No evidence of heterogeneity and horizontal pleiotropy were suggested.

Conclusion: We found potential evidence for a causal effect of OSA on an increased risk of ALS.
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1 Introduction

Obstructive sleep apnea (OSA) is a common sleep disorder that results in decreased hemoglobin oxygen saturation and disrupted sleep due to repeated apnea. Loud snoring, insomnia and daytime sleepiness are the main clinical manifestations. The overall prevalence of OSA in the general population is estimated to be 9–38% (Senaratna et al., 2017), varying with BMI, sex, age, and apnea-hypopnea index definitions used for diagnosis. OSA is about twofold to threefold more prevalent among men (5.3–49.7%) than women (1.2–23.4%) (Heinzer et al., 2015).

However, it is important to highlight that despite increasing public awareness and more cases being diagnosed, 80% of individuals with moderate or severe OSA remain undiagnosed, including a large proportion of ethnic and other minorities, older adults, and women (Billings et al., 2021). Failure to promptly address this condition may lead to various mechanisms inherent to OSA, such as intermittent hypoxia, sleep structure disruption, and heightened oxidative stress, thereby elevating the likelihood of severe comorbidities (Giampa et al., 2023). For example, a meta-analysis of cross-sectional and longitudinal studies has demonstrated that untreated OSA was associated with an increased risk of hypertension in the general population (Hou et al., 2018). In addition, previous research has demonstrated that OSA potentially amplifies the risk of stroke (Redline et al., 2010), mild cognitive impairment, and Alzheimer’s disease (AD) (Andrade et al., 2018; Ou et al., 2024), while also correlating with heightened Parkinson’s disease (PD) severity (Elfil et al., 2021; Tang et al., 2024).

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease of the central nervous system, mainly caused by degeneration and loss of upper and lower motor neurons. The common clinical manifestations were progressive muscle weakness, muscular atrophy and dyspnea. At present, the exact pathogenesis is not clear, and there is no effective treatment. The prognosis of ALS patients is poor, and the median survival in ALS is only 2 to 4 years (Feldman et al., 2022). Previous studies have found that the mean survival in ALS patients with an obstructive apnea/hypopnea index (AHIo) ≥5 was significantly shorter than in ALS without OSA (p = 0.0237), suggesting that OSA may contribute to disease progression in ALS (Quaranta et al., 2017). OSA appears to be more common in ALS patients (Boentert et al., 2018; Boentert, 2019). A meta-analysis revealed significant reductions in sleep efficiency, total sleep time, and increases in oxygen desaturation index, and apnea hypopnea index in ALS patients compared with controls (Zhang et al., 2023). Previous studies have suggested a high prevalence of OSA in ALS patients, and OSA could predict a shorter survival of ALS. These studies might suggest a bidirectional effect between OSA and ALS, but whether OSA can increase the risk of ALS is unclear.

Although previous epidemiological studies have linked OSA to central nervous system (CNS) disorders, such as, OSA may be an important risk factor for stroke, ALS patients with an OSA phenotype were characterized by a worse prognosis, and OSA might potentiate neuropathological and clinical progression of AD (Yaggi et al., 2005; Quaranta et al., 2017; Andrade et al., 2018), it is not entirely clear whether OSA is associated with CNS disease or whether OSA increases the risk of CNS disease.

Mendelian randomization (MR) studies are causal studies that use genetic variants to assess the association between risk factors and outcomes (Davies et al., 2018). Because genetic variants are randomly assigned at birth, unconfounded investigations can be conducted and reverse causality in observational studies can be avoided. Given that the association between OSA and ALS risk is unclear, the aim of this study was to use MR study to assess the effect of OSA on ALS risk.



2 Materials and methods

Ethical review and approval were waived for this study, due to this study used summary data from GWAS and did not involve individual data. All studies that contributed data to this analysis were approved by the relevant institutional review board. Patient consent was waived due to this study used summary data from GWAS and did not involve individual data.


2.1 Data source

This MR study utilized pooled data from the OSA genome-wide association study (GWAS), with study participants from the FinnGen study (Strausz et al., 2021). The GWAS comprised 16,761 OSA patients and 201,194 controls. National health registries were employed for the identification of OSA cases, using ICD codes (ICD-9: 3472A, obstructive sleep apnea; ICD-10: G47.3, sleep apnea), as provided by the Finnish National Hospital Discharge Registry and the Cause of Death Registry, OSA was identified.

For ALS GWAS Iacoangeli et al. (2020) meta-analyzed the aggregated statistics of two ALS GWAS: an ALS study that included more than 80,000 individuals of European descent (Nicolas et al., 2018) and a Chinese ALS study with more than 4,000 individuals (Benyamin et al., 2017). The meta-analysis included a total of 84,694 individuals, including 22,040 cases and 62,654 controls, and a total of 5,356,204 SNPs.



2.2 The selection of instrumental variable

By employing genetic variants that exhibit a robust association with exposure as instrumental variables (IVs), MR subsequently examined the causal relationship between genetic predisposition to exposure and the desired outcomes. The MR analysis should adhere to three hypotheses: (1) Genetic variants must display a significant correlation with the exposure factors; (2) Genetic variants should not be linked to potential confounding variables; (3) Genetic variants should solely influence the outcome through the pathway of exposure (Figure 1). We used OSA GWAS from FinnGen Study.  This GWAS identified 5 distinct genetic loci associated with OSA (p < 5.0 × 10−8). All these 5 SNPs were in different genomic regions and not in linkage disequilibrium (r2 < 0.20). And all these 5 SNPs had a high imputation quality (INFO >0.9) (Strausz et al., 2021). Thus, five genetic variants associated with OSA were identified. After that, we obtained the corresponding SNPs from the outcome (ALS) GWAS summary data and made the data harmonization.
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FIGURE 1
 Study design of the two-sample Mendelian randomization for the effect of genetically predicted obstructive sleep apnea on amyotrophic lateral sclerosis (by Figdraw). MR, Mendelian randomization; IVW, inverse-variance weighted; SNPs, single-nucleotide polymorphisms.




2.3 Statistical analysis

To evaluate the impact of genetically-predicted OSA on ALS for each SNP, we employed the Wald ratio (Hemani et al., 2018). The inverse variance weighted (IVW) model was used as the primary MR analysis to evaluate the aggregate effect of multiple SNPs (Bowden et al., 2019). The IVW method essentially assumes a zero intercept and performs a weighted regression of the SNP-exposure effects with the SNP-outcome effects.

In the context of MR study, it is imperative that three assumptions are fulfilled to ensure the validity of the MR method. Firstly, it is crucial that genetic variants exhibit a significant association with the risk factors (exposure). Consequently, to minimize any possible weak IV bias, the strength of the IV was assessed using the F-statistic, denoted as F = β2/se2 (where β represents the effect size of the SNP on the exposure and Se represents its corresponding standard error). A higher F-statistic corresponded to a smaller bias. And if F-statistic > 10, it indicates that the study had sufficient strength (Burgess et al., 2011). The second assumption is deemed valid only if the genetic variants do not exhibit any association with confounding factors influencing the relationship between OSA and ALS. That is, there is no horizontal pleiotropy. The MR-Egger intercept (Burgess and Thompson, 2017) was used to study the influence of potential horizontal pleiotropy. MR-Egger method tests and accounts for the presence of unbalanced pleiotropy by introducing a parameter for this bias and incorporating outline information estimates of causative effects from multiple individual variants. The MR-PRESSO method mainly detects horizontal pleoitropy by using residual sum (Verbanck et al., 2018). In MR-PRESSO method, it attempts to reduce pleoitropy in the estimate of the causal effect by removing outliers that contribute to the pleoitropy disproportionately more than expected. Heterogeneity was assessed using Cochrane’s Q values, and if heterogeneity was present, the multiplicative random effects model was preferred.

We then performed sensitivity analyses, in which we assessed the consistency of MR results by using different methods established under different hypotheses to determine the robustness of our study. Weighted median, weighted mode and simple mode methods are used initially. The IVW approach requires that the pleiotropic effect of the genetic variants should be independent of exposure. Therefore, if the genetic variants do not conform to the hypothesis, the results of the weighted median method can offer a reliable effect estimation, despite up to 50% of the genetic variantions not aligning with the corresponding presumption. Furthermore, by assuming that the most common value of the bias in the estimation of Wald rations is zero, a weighted model-based approach can potentially yield coherent results without relying on measurement error assumptions that are not applicable. In addition, scatter plots were employed to illustrate effect estimates derived from different MR approaches.

In this study, we used R (version 4.1.2) and the “TwoSampleMR” and “MRPRESSO” packages (version 0.5.6) for analyses. In all of the above analyses, p < 0.05 indicates statistical significance.




3 Results

As part of this study, we evaluated the causal relationship between OSA and ALS. Table 1 shows the statistical data of the five SNPs selected as valid instrumental variables. The F statistic of each SNP was above the empirical threshold of 10.



TABLE 1 Extracted SNPs for the exposure OSA based on a genome-wide significance threshold of 5E-08.
[image: Table1]

Using the IVW method, our results suggested that genetically predicted OSA increased the risk of ALS [OR = 1.220 (1.031–1.443)] (Figure 2). Moreover, weighted median, weighted mode and simple mode also showed the same trend (Figure 2). Figure 3 showed the scatter plots of effect estimates derived from different MR methods.

[image: Figure 2]

FIGURE 2
 MR associations between genetically determined OSA and the risk of ALS. MR, Mendelian randomization; SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval; OSA, obstructive sleep apnea; ALS, amyotrophic lateral sclerosis.


[image: Figure 3]

FIGURE 3
 Scatter plots of genetic associations of OSA with ALS risk. The slopes of each line represent the causal association for each method. OSA, obstructive sleep apnea; ALS, amyotrophic lateral sclerosis.


No indications of heterogeneity were found in the causal effect estimates derived from the MR Egger and IVW analyses (all p-values <0.05, Table 2). The MR-PRESSO global test (p = 0.522) and MR Egger intercept (intercept = 0.047, p = 0.434, Table 2) suggested no horizontal pleiotropy for instrumental variables. The absence of heterogeneity and horizontal pleiotropy in this study suggested the robustness of the findings.



TABLE 2 Heterogeneity and pleiotropy tests of instrument effects.
[image: Table2]



4 Discussion

Using MR method, our results suggested that genetically predicted OSA increased the risk of ALS, suggesting the need for timely OSA intervention to reduce the risk of ALS in individuals at high risk of ALS.

In observational studies, previous studies have shown that ALS patients with OSA have shorter survival, suggesting that OSA might promote disease progression in ALS (Quaranta et al., 2017). In addition, a meta-analysis of 11 studies revealed that OSA could hasten the severity of cognitive decline and exacerbate motor symptoms in individuals with PD (Elfil et al., 2021). Another study also indicated an increased risk of developing PD in those with OSA (Chen et al., 2015). Our findings, utilizing the MR method, suggest that OSA is associated with an augmented risk of developing ALS.

OSA could potentially increase the risk of developing ALS, as suggested by previous studies. Xie et al. (2013) found that natural sleep or anesthesia in live mice led to a 60% increase in interstitial space, which could result in a significant increase in convective exchange of cerebrospinal fluid with interstitial fluid, potentially contributing to ALS pathology. The increased flow of interstitial fluid during sleep, in turn, improves the clearancee of β-amyloid. Consequently, sleep is a fundamental part of the processes involved in the removal of brain toxic metabolites (Xie et al., 2013). However, since OSA can cause sleep awakening and sleep fragmentation, affecting overall sleep quality, it is possible to increase the accumulation of toxic proteins in the brain of OSA patients, which may increase the risk of ALS.

Secondly, intermittent hypoxia (IH) is the main characteristic of OSA. It is well known that the brain is more sensitive to hypoxia than other organs, requiring more energy and oxygen consumption. The results of clinical and animal studies suggest that IH induced by OSA can lead to structural neuronal injury and dysfunction in the CNS, and oxidative stress and inflammatory damage are the pathophysiological basis (Liu et al., 2020). Accumulating evidence supports the idea that IH may induce ROS production, oxidative stress overactivation, and inflammatory damage in the CNS, leading to neuronal apoptosis and/or necrosis (Almendros et al., 2011). Similarly, in the mouse model of ALS, chronic intermittent hypoxia increases motor neuron death, neuromuscular weakness, and possibly cognitive dysfunction in mice (Kim et al., 2013). The generation of oxidative stress and the activation of inflammatory pathways may be related to it (Kim et al., 2013). In addition, previous studies have suggested that oxidative stress and inflammation are involved in the development of ALS (Teleanu et al., 2022). Therefore, we thought that intermittent hypoxia (due to OSA) promotes oxidative stress and inflammation of neurons (also characteristic of ALS), thereby further increasing ALS risk.

Thirdly, the respiratory force of respiratory collapse during OSA is associated with increased intrathoracic and intracranial pressures, and hemodynamic disturbance (Konecny et al., 2014; Wszedybyl-Winklewska et al., 2017). These studies hypothesized that this pressure impedes the flow of brain metabolites from interstitial fluid (ISF) to cerebrospinal fluid (CSF) via the glymphatic system (Ju et al., 2016), resulting in an increased accumulation of abnormal proteins in ISF and a significant decrease in neuro-derived proteins in CSF. Ju et al. (2016) elucidated the mechanism of neuro-derived proteins reduction in CSF and abnormal accumulation in ISF in patients with severe OSA. This suggests that the glymphatic clearing process is impaired in OSA patients. The decrease of abnormal SOD1 protein and TDP-43 protein clearance is considered to be one of the pathogenesis, which might also be another way for OSA to increase the risk of ALS.

Our study empolyed MR to assess the causal relationship between genetically predicted OSA and ALS risk. The study’s main advantage is its inclusion of a large number of participants in ALS GWAS. Furthermore, the MR design prevents reverse causality bias and balances potential confounders, since genetic variants are not associated with other common comorbidities, such as obesity, stroke, and high blood pressure, which can affect the results in observational studies. However, some limitations need to be noted in future studies: First, because OSA is a binary exposure, possible selection bias due to underdiagnosis cannot be well assessed. Second, because individual-level data were not available, potential bias due to medication status in ALS patients was not considered. Third, genetically predicted exposures frequently encompass enduring impacts, potentially intensified in magnitude, thereby rendering MR estimates distinct from clinical trial outcomes. Moreover, interventions targeting pertinent factors may not necessarily yield analogous clinical advantages as observed in MR studies. Fourth, the unavailability of stratified GWAS data for OSA severity hindered further exploration of the association between OSA severity and clinical characteristics. Fifth, the limited number of SNPs tested might affect the robustness of the results, and we will conduct further analysis in the future if larger OSA GWAS data and more SNPs are available. Sixth, we used the MR-Egger intercept and the MR-PRESSO method to evaluate the pleiotropy in this study. Although the results suggested that no horizontal pleiotropy for instrumental variables in this study, it cannot be completely ruled out whether the SNPs associated with exposure can have an impact on ALS risk through other ways. This is one of the limitations of this study. Finally, because this study focused primarily on participants of European descent, the results may not be extrapolated to populations of other ethnicities and will need to be further validated in other populations in the future.

While our study has limitations, it is the first to use MR method to examine the relationship between OSA and ALS. This study undertook a genetic perspective to evaluate the causal relationship between the two variables, suggesting that direct intervention with OSA may be beneficial in reducing the risk of ALS. It remains unclear how OSA raises ALS risk, and further studies are needed to discover how OSA affects neurodegenerative diseases in the brain.



5 Conclusion

Based on the results of the MR analysis, genetically predicted OSA leads to an increased risk of ALS. However, the mechanism by which OSA might increase the risk of ALS is currently unclear, and further study is needed to clarify it in the future.
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Objectives: Genetics have been shown to have a substantial impact on amyotrophic lateral sclerosis (ALS). The ALS process involves defects in axonal transport and cytoskeletal dynamics. It has been identified that KIF1A, responsible for encoding a kinesin-3 motor protein that carries synaptic vesicles, is considered a genetic predisposing factor for ALS.

Methods: The analysis of whole-exome sequencing data from 1,068 patients was conducted to examine the genetic link between ALS and KIF1A. For patients with KIF1A gene mutations and a family history, we extended the analysis to their families and reanalyzed them using Sanger sequencing for cosegregation analysis.

Results: In our cohort, the KIF1A mutation frequency was 1.31% (14/1,068). Thirteen nonsynonymous variants were detected in 14 ALS patients. Consistent with the connection between KIF1A and ALS, the missense mutation p.A1083T (c.3247G>A) was shown to cosegregate with disease. The mutations related to ALS in our study were primarily located in the cargo-binding region at the C-terminal, as opposed to the mutations of motor domain at the N-terminal of KIF1A which were linked to hereditary peripheral neuropathy and spastic paraplegia. We observed high clinical heterogeneity in ALS patients with missense mutations in the KIF1A gene. KIF5A is a more frequent determinant of ALS in the European population, while KIF1A accounts for a similar proportion of ALS in both the European and Chinese populations.

Conclusion: Our investigation revealed that mutations in the C-terminus of KIF1A could increase the risk of ALS, support the pathogenic role of KIF1A in ALS and expand the phenotypic and genetic spectrum of KIF1A-related ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a debilitating neurodegenerative disorder with an average life expectancy of merely 2–5 years following diagnosis (Brown and Al-Chalabi, 2017; Feldman et al., 2022). This disease presents itself as a degeneration of the limbs in spinal-onset ALS or challenges with speaking and/or swallowing in bulbar-onset ALS; gradual muscle weakness emerges, leading to death from respiratory failure in the end (Goutman et al., 2022b). The intricate pathophysiology of ALS remains incompletely understood. Genetics play a pivotal role in this phenomenon, and ALS can be hereditary, with familial ALS accounting for 15% of cases and the other 85% being classified as sporadic ALS (sALS) (Goutman et al., 2022a). At least 40 genes have been associated with ALS, providing significant insights into its pathophysiology (Chia et al., 2018; Brenner and Freischmidt, 2022). Nevertheless, the exact way in which ALS genes play a role in the development of ALS is yet to be determined.

Intracellular transport plays a vital role in maintaining the function, morphogenesis, and homeostasis of neurons. This is because neurons produce the majority of proteins necessary for axon and nerve terminal activities in the cell body, which then need to be transported to precise locations (Hirokawa et al., 2009). Numerous genetic, pathological, and neurobiological findings have established that axonal transport deficits act a significant role in the progression of ALS (Bilsland et al., 2010; Castellanos-Montiel et al., 2020). For example, numerous genes associated with ALS, including DCTN1, KIF5A, ALS2, NEFH, PFN1, and SPAST, participate in controlling cytoskeletal dynamics and function and regulate intracellular transport events (Liu et al., 2017; Nicolas et al., 2018; Castellanos-Montiel et al., 2020). In the process of ALS, the beginning phases entail the deterioration of extended axons in motor nerve cells, beginning at the farthest locations and advancing in a pattern known as “dying back” (Baldwin et al., 2016; Guo et al., 2017). Additionally, axonal transport deficits precede ALS symptoms; therefore, axonal transport could be an indicator of motor neuron degeneration (Fischer et al., 2004; Bilsland et al., 2010).

Kinesin superfamily proteins (KIFs) are a group of main molecular motors that responsible for transporting cargoes, including proteins, membranous organelles, and mRNAs, toward axon terminals along microtubules (Hirokawa et al., 2009). KIF1A encodes a molecular motor of the kinesin-3 variety, which is responsible for transporting synaptic vesicles, dense core vesicles, precursors of synaptic vesicles, and precursors of the active zone (Edwards et al., 2015; Guedes-Dias et al., 2019). Dense core vesicles mainly contain neurotransmitters and neuropeptides, while synaptic vesicle precursors and synaptic vesicles mainly transport VAMP2, RAB3A, and synaptophysin (Stucchi et al., 2018). KIF1A deficiency leads to remarkable impairments in motor and sensory functions, reduced density of synaptic vesicles at nerve terminals, and the buildup of transparent vesicles in neuronal cell bodies (Tanaka et al., 2016; Anazawa et al., 2022). To date, three KIF1A-associated disorders have been included in the OMIM classification: spastic paraplegia type 30 (SPG30, #610357), with recessive inheritance; and NESCAV syndrome (#614255), with dominant inheritance, and hereditary peripheral neuropathy, refer to hereditary sensory and autonomic neuropathy type 2 (HSAN2, #614213) (Nicita et al., 2021). Recently, KIF1A was recognized as a novel causative gene for ALS in the southern Chinese population (Liao et al., 2022). However, there is a lack of evidence indicating that KIF1A is a genetic risk factor for ALS. Therefore, we detected rare KIF1A variants in 1,068 ALS patients, comprising 988 sporadic and 80 familial cases, using whole-exome sequencing (WES), and analyzed the genotype–phenotype relationship in patients with KIF1A variants, deepening our understanding of how KIF1A deficiency affects ALS pathogenesis.



Materials and methods


Participants and data collection

A total of 1,068 Chinese ALS patients, 988 with sporadic ALS and 80 unrelated individuals with familial ALS, were enrolled at Peking University Third Hospital (PUTH) from 2007 to 2023. This cohort of ALS patients included 677 individuals, who underwent DNA extraction and exome sequencing in a previous study by our team (Liu et al., 2021). Patients diagnosed with probable or definite ALS based on the Airlie House diagnostic criteria were included in the study (Brooks et al., 2000). A total of 1,812 healthy controls, who had no previous neurological impairment, were also enrolled in the study. The exclusion criteria for both patients and controls was the unavailability of DNA sample. All patients and controls were of Han ethnicity. Baseline clinical data and demographic information, including age, sex, family history, smoking and drinking history, age at onset, location of initial symptoms, diagnostic delay, King’s college staging system, and revised ALS functional rating scale scores, were collected during each patient’s first visit to PUTH. The Edinburgh Cognitive and Behavioral Assessment Screen was used to assess patient cognition. Patients were followed up with by neurologists through in-person visits or by telephone every 3 months. The Institutional Ethics Committee of PUTH approved this study (IRB00006761), and all individuals involved gave their written informed consent.



DNA extraction

Samples of blood were collected from both patients and healthy volunteers. DNA was isolated from periphery venous blood. DNA extraction was performed using QIAmp DNA blood Mini Kit (QIAGEN, Hilden, Germany).



WES analysis

WES was used to screen all subjects, including both patients and healthy controls. Genomic DNA (1 μg) was fragmented into 200–300 base pair lengths using a Covaris Acoustic System. These DNA fragments underwent a series of processes including end repair, A-tailing, and adaptor ligation. Subsequently, a 4-cycle precapture polymerase chain reaction (PCR) amplification and a targeted sequence capture were performed. Postcapture, the DNA fragments were eluted and amplified through 15 cycles of PCR. The final sequencing products were read in 150 bp paired-end mode on the Illumina HiSeq X platform in accordance with the standard protocol. Using BWA 0.5.9,1 pair-ended reads were mapped to the hg19/GRCh37 version of the human genome reference. To identify single nucleotide variants and small insertions and deletions (INDELs), Genome Analysis Toolkit (GATK) was employed2 (McKenna et al., 2010). All suspected variants were validated by Sanger sequencing. Additional classical pathogenic ALS-related genes, including SOD1, SETX, FUS, ALS2, OPTN, TARDBP, DCTN1, VAPB, Fig 4, TBK1, CHCHD10, ANXA11, NEK1, and SQSTM1 were examined by WES analysis. The length of C9orf72 repeat alleles was evaluated using a two-step PCR method involving fluorescent fragment-length analysis followed by repeat-primed PCR, as described in previous studies (Tang et al., 2022).



Quality control (QC)

We conducted the QC procedures to filter out genetic variants through the following criteria: (1) genotype call rate under 99%; (2) Hardy–Weinberg equilibrium deviation in control groups (p < 10E-6); (3) significant missingness discrepancies between cases and controls (p < 10E-6); and (4) presence of three or more alleles. Variants that did not meet the quality control criteria were discarded.



Filtering of damaging mutations

KIF1A variants that met the following criteria were selected for further analysis: nonsynonymous, indel or putative splice site mutations; minor allele frequency (MAF) ≤ 0.1% for heterozygous variants; and MAF less than 1% in the Exome Aggregation Consortium (ExAC) and Genome Aggregation Database (gnomAD) databases. The pathogenicity of the identified variants was evaluated following American College of Medical Genetics and Genomics (ACMG) guidelines. To evaluate the potential functional outcomes of each variant, we employed eight bioinformatic tools designed to predict the potential effects of a substitution in the amino acid on the structure and established function of a human protein: MutationTaster,3 SIFT,4 PolyPhen-2,5 MetaLR, MetaSVM, ClinPred,6 M_CAP,7 and CADD.8



Sanger sequencing

PCR was conducted in a total volume of 25 μL, comprised of genomic DNA, primers, and 2 × Taq PCR Master Mix (Tsingke Biotechnology Co., Ltd., Beijing, China). The PCR reaction parameters were the following: pre-heating at 94°C for 5 min, denaturing at 94°C for 30 s, annealing at 55°C for 30 s, extending at 72°C for 30 s, with a total of 35 cycles, ending with a final extension at 72°C for 5 min, followed by cooling to 4°C. Subsequently, the PCR samples underwent sequencing utilizing the Sanger Chain Termination technique.



Cosegregation analysis for families

Genomic DNA extracted from blood samples from patient families underwent genomic analysis. PCR was employed to screen all individuals for KIF1A sequences, encompassing the same region examined in the proband. To facilitate the amplification process, forward (CAGGGCCTCACTTGAACTGG) and reverse primers (AAGAGCTTCGCATCGTGGAG) were used. Using the CodonCode Aligner software, the DNA sequences obtained from the samples were compared and matched with the UCSC hg19 reference human genome.



Statistical analysis

Descriptive statistics (means ± SDs) were calculated for continuous variables. Statistical analysis was conducted using GraphPad Prism version 8.4.0.




Results


Mutation analysis of the KIF1A gene

We analyzed the KIF1A sequence in a group of 1,068 ALS patients. The demographic and clinical features of the ALS patients are presented in Table 1. Thirteen nonsynonymous variants were detected in 14 ALS patients, all of which were heterozygous. In our cohort, the KIF1A mutation frequency was 1.31% (14/1,068). Among the 13 variants, 12 had missense variations, while one had a delete-insert mutation. Except for the variant p.A918deinsGA (c.2753_2754insGGA, P2), the other 12 variants had a <0.1% allele frequency in the gnomAD and ExAC databases (Table 2). Additionally, p.P424 L (c.1271C>T, P1) and p.P1178S (c.3533 T>C, P6) were not reported in any of the databases. The functional predictions revealed that 11 missense variants were predicted pathogenic at least one silico tool based on eight silico tools totally (Table 2). Four variants [p.E979K (c.2935G>A, P3), p.V1255M (c.3763G>A, P8), p.D1711N (c.5131G>A, P13), and p.R1717L (c.5150G>T, P14)] were predicted pathogenic through 5–6 silico tools. Four variants were identified as likely pathogenic (LP) according to the ACMG standards and guidelines (Table 2): p.V1255M (c.3763G>A, P8), p.P1593L (c.4778C>T, P10), p.D1643N (c.4927G>A, P11), and p.R1717L (c.5150G>T, P14). The ACMG evidence for the pathogenicity of these variants was strong, and they were predicted to be damaging by bioinformatic tools. Among them, p.D1643N (c.4927G>A, P11) and p.R1717L (c.5150G>T, P14) were reported previously in Human Gene Mutation Database (HGMD) (Table 2). Additionally, other nine variants were uncertain significance (VUS) according to the ACMG standards. In total, 11 variants were recognized novel variants in ALS patients. The detailed variant information is listed in Table 2.



TABLE 1 Demographic and clinical characteristics of ALS patients.
[image: Table1]



TABLE 2 Overview of variants in the KIF1A gene identified in ALS patients.
[image: Table2]

In addition, 14 ALS patients with KIF1A mutation did not cover other ALS-related genes, including SOD1, SETX, FUS, ALS2, OPTN, TARDBP, DCTN1, VAPB, Fig 4, TBK1, CHCHD10, ANXA11, NEK1, SQSTM1, and C9orf72, which were classical pathogenic genes in ALS, by WES analysis. And no additional potential candidates were identified among these 14 ALS patients. In total, different nonsynonymous variants that fulfilled the same screening criteria were detected in 10 healthy controls. Ten variants (1798: p.I119T, c.356 T>C; 443: p.R355H, c.1064G>A; 1,410: p.R422C, c.1264C>T; 1,380: p.T810M, c.2429G>A; 1,158: p.D918delinsED, c.2753_2754insGGA; 568: p.E1025K, c.3073G>A; 277: p.A1083T, c.3247G>A; 1,677: p.P1227L, c.3680C>T; 1,082: p.R1296C, c.3886C>T and 1,612: p.P1688L, c.5063C>T) were detected in 1,812 healthy controls. Among them, three variants (P2: p.A918delinsED, c.2753_2754insGGA; P4, P5: p.A1083T, c.3247G>A and P7: p.P1227L, c.3680C>T), detected in ALS patients, were also found in controls. The details of these variants in KIF1A gene detected in controls are listed in Supplementary Table 2. In our healthy controls, the frequency of KIF1A variants was 0.55%. Besides, we screened the other two databases to figure out the actual frequency in Chinese population. We found the frequency was 0.49% in “gnomAD v2” database (East Asian) and 0.61% in “HUA BIAO” database, which were similar to the result in our control cohort (Supplementary Table 3).



Regions of variants associated with ALS in the KIF1A gene

KIF1A has been recognized as a causal gene in HSAN2, SPG30, and NESCAV syndrome. Given the overlap of clinical symptoms between these three diseases and ALS, we conducted a thorough examination of ALS patients with variations in KIF1A to ensure that they were not misdiagnosed. Unreported variations were detected in our patient cohort with SPG30, HSAN2, and NESCAV syndrome. To explore the correlation between KIF1A gene mutation and their manifestations, we examined the rare ALS-related mutations found in our research and compared them to ClinVar pathogenic variants linked to other conditions (SPG30, HSAN2, and NESCAV syndrome) (Figure 1). Specifically, mutations linked to SPG and HSAN2 were mainly found at motor domain of N-terminal of KIF1A, whereas those associated with ALS in our investigation and a previous investigation were primarily situated in the cargo-binding region at the C-terminal (Liao et al., 2022). Interestingly, five variants [three in our cohort and two in another ALS cohort (Liao et al., 2022)] were located in the phosphatidylinositol-binding pleckstrin homology (PH) domain.
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FIGURE 1
 Schematic distribution of mutations in the KIF1A gene in KANDs. Previously reported variants associated with SPG30 and HSAN2 are listed above the schematic and are associated with SPG30 (including cases described as NESCAV syndrome) (black), HSAN2 (green), and multiple phenotypes (SPG30 and HSAN2) (blue). Variants associated with ALS are listed below the schematic and were identified in our cohort (red) and another ALS cohort (yellow). Motor domain (amino acids 5–354); CC: coiled-coil domain, CC1 (amino acids 366–383); CC2 (amino acids 429–462); CC3 (amino acids 622–681); CC4 (amino acids 801–822); FHA: Forkhead-associated domain, amino acids 516–572; and PH: pleckstrin homology domain, amino acids 1,575–1,673. Protein domains were determined according to UniProt (https://www.uniprot.org). Variants were annotated with reference to the canonical transcript NM_001244008 (p.P424L was identified in only the NM_001330290 transcript). ALS, amyotrophic lateral sclerosis; KANDs, KIF1A-associated neurological disorders; HSAN2, hereditary sensory and autonomic neuropathy type 2; SPG30, spastic paraplegia type 30.




Genotype–phenotype correlation in patients with KIF1A variants

Of the 14 ALS patients with KIF1A mutations, two had a familial background of ALS, other 12 were sALS. The mean age of onset was 47.7 ± 12.9 years, with an age range of 23–64 years. The male-to-female ratio was 9:5. Among 14 patients, 11 were spinal-onset, while three were bulbar-onset. The mean delay in diagnosis was 35.8 ± 35.9 months. Interestingly, two patients had FTD symptoms (P3, p.E979K, c.2935G>A; and P6, p.F1178S, c.3533 T>C). Additionally, patient P6, a female, presented with repeated falls, slurred speech, and behavioral and personality changes. A neurological examination revealed that she had a masked face and a positive pull-back test result, demonstrating extrapyramidal manifestations. Interestingly, patient P10 (p.P1593L, c.4778C>T) presented with right lower limb tremor, abnormal walking gait, and progressive limb weakness. P12 walked unsteadily, had unclear articulation, and had limb weakness. Physical examination revealed increased involuntary limb movements and abnormal gait and posture. These three patients all presented extrapyramidal manifestations. Table 3 outlines the specific clinical characteristics of individuals with ALS who possess mutations in the KIF1A gene.



TABLE 3 Clinical features of ALS patients with mutations in KIF1A gene.
[image: Table3]



Cosegregation analysis of families

Next, we further corroborated the connection between missense mutations in the KIF1A gene and ALS through segregation analysis. Two patients (P2 and P5) had a family history. We extended the analysis to their families and reanalyzed them using Sanger sequencing (Figure 2). P2 presented with lower-limb onset and late disease onset. As shown in Supplementary Table 4, in the P2 family, the patient’s father (I:1) and older brother (II:4) presented with lower-limb onset, and upper and lower limbs muscle atrophy and weakness, similar to P2’s symptoms, and were diagnosed with ALS. Both his father and older brother had an earlier onset age, and more longer survival time than him, showing a slower progression. Detailed clinical features of ALS patients in families of P2 were shown in Supplementary Table 4. Unfortunately, the father, brother, and sisters of the proband had all passed away prior to the study, resulting in a lack of available DNA samples for cosegregation analysis.

[image: Figure 2]

FIGURE 2
 Pedigrees of two fALS patients carried the KIF1A missense variants. (A) Pedigree diagram of P2, p.A918delinsGA (c.2753_2754insGGA). (B) Genealogy diagram of P5, p.A1083T (c.3247G>A). Genetic analysis showing cosegregation of the KIF1A missense variants. Obligate carriers of the respective variant are abbreviated as “oc.” m = mutant allele; w = wild-type allele; arrow: proband; filled symbol: affected; empty symbol: unaffected; slashed symbol, decreased; square: man; circle: woman.


Patient 2 also had two older sisters (II:1 and II:2; Figure 2A) who did not exhibit any ALS symptoms during their lifetime. However, unfortunately, his father, brother, and sisters had all died before the time of the study; thus, no DNA samples were available for cosegregation. The other patient (P5 and III:4; Figure 2B) with a family history had an early disease onset (46 years) and a long diagnostic delay (77 months). Four of P5’s relatives were diagnosed with ALS or self-reported symptoms consistent with ALS (father (II:1), grandfather (I:1), uncle (II:4), and older sister (III:2); Figure 2B). P5’s father and older sister had symptoms similar to hers. Her grandfather and uncle had muscle atrophy and weakness before they died. The KIF1A variant identified from P5 was assessed in her older sister, younger brother, and husband. Interestingly, her older sister carried the same KIF1A variant, while her younger brother did not. It could not be determined whether her father carried the loss-of-function mutation. Besides ALS, we did not find “other related” disorders running in the families of 14 ALS patients carried KIF1A mutation, such as frontotemporal dementia, cervical spondylosis, syringomyelia, peripheral neuropathy, Parkinson’s disease, and Alzheimer’s disease.




Discussion

Thirteen variants of the KIF1A gene were detected in 14 of 1,068 ALS patients, resulting in a frequency of 1.31% (14/1,068) in KIF1A. This frequency aligns with the mutation frequency observed in a research conducted in southern China (Liao et al., 2022), which revealed a frequency of 1.06% (10/941). Our study represents the largest cohort of ALS patients with mutations in the KIF1A gene to date. Our research revealed 11 novel mutation variants in the KIF1A gene linked to ALS. Four different mutations [p.E979K (c.2935G>A, P3), p.V1255M (c.3763G>A, P8), p.D1711N (c.5131G>A, P13), and p.R1717L (c.5150G>T, P14)] were identified as potentially harmful by a combination of 5–6 computational tools. Additionally, four of 14 mutations [p.V1255M (c.3763G>A, P8), p.P1593L (c.4778C>T, P10), p.D1643N (c.4927G>A, P11), and p.R1717L (c.5150G>T, P14)] were identified to be pathogenic according to the ACMG recommendations and software prediction results, highlighting the significance of the KIF1A gene as a potential genetic determinant of ALS. Additionally, we did not find 10 controls who were detected KIF1A mutations have any obvious neurological impairment. In Chinese population, the frequencies was 0.49–0.61% based on our healthy controls (1,812 controls) and other database (11,708 controls). Consistent with the connection between KIF1A and ALS, the missense mutation p.A1083T (c.3247G>A) was shown to cosegregate with the disease. Although lack of available DNA samples for cosegregation analysis, we found three patients in families of P2 all presented with lower-limb onset and late disease onset, via reviewing their medical records to gather additional clinical history and neurological examination data.

This study revealed high clinical heterogeneity among ALS individuals harboring KIF1A gene missense mutations. Disease onset age spanned from 23 to 64 years, while the diagnostic delay varied from 5 to 99 months. The research demonstrated significant clinical diversity. Interestingly, several genotype–phenotype correlations were noted. Among the 13 ALS patients harboring the KIF1A gene, three had onset in the bulbar region, eight had onset in the upper limbs, and only two had onset in the lower limbs. Additionally, extrapyramidal symptoms were observed in three of these ALS patients, suggesting that upper limb onset and extrapyramidal manifestations may be characteristic of the ALS phenotype caused by the KIF1A gene; however, additional evidence is required. Unlike the patient cohort in a prior study conducted in China (Liao et al., 2022), our cohort of ALS patients harboring KIF1A missense mutations did not exhibit obvious sensory impairment, highlighting the high clinical heterogeneity of ALS patients harboring KIF1A variants.

KIF1A and KIF5A are KIFs that function as molecular motors, utilizing chemical energy from ATPs to transport cargo along microtubules. Studies have indicated that the mutation frequency of KIF5A in the Chinese sALS population ranges from 0.16% (1/645) (Zhang et al., 2019) to 0.41% (2/581) (Gu et al., 2019; He et al., 2020). In the Western population, the mutation frequency of KIF5A is reported to be 0.47–0.53% (Brenner et al., 2018; Nicolas et al., 2018), which is greater than that in the Chinese population. Another study of the Norwegian population revealed that KIF1A risk variants were present in 1.08% (3/279) of ALS patients, consistent with the findings in the Chinese population (Olsen et al., 2024). These results demonstrate that KIF1A is a more prevalent ALS-associated gene than KIF5A in the Chinese population. KIF5A is a more frequent determinant of ALS in the European population, while KIF1A accounts for a similar proportion of ALS patients in European and Chinese populations.

There is genetic overlap among SPG, HSAN2, and ALS. For example, SPG11 and KIF5A have been found to be pathogenic in both ALS and SPG (Stevanin et al., 2007; Orlacchio et al., 2010; Nicolas et al., 2018), and SPTLC1 has been recognized as a novel risk gene factor in ALS and HSAN2 (Lone et al., 2022). Our latest discoveries and prior investigations indicate that KIF1A might potentially serve as a shared causative gene linked to SPG, HSAN2, and ALS. Based on this, we posit that SPG, HSAN2, and ALS may represent a range of characteristics linked to variations in the KIF1A gene. Similar to findings associated with KIF5A, we have identified varying mutation distributions in KIF1A across different diseases. Specifically, in HSP/Charcot-Marie-Tooth 2 patients, the majority of KIF5A mutations are situated in the motor domain, whereas ALS patients tend to have mutations in the C-terminal cargo-binding domain. Mutations in KIF1A linked to SPG and HSAN2 mainly occurred in the motor domain at the N-terminal, while alterations associated with ALS, as indicated by our study and corroborated by prior research, were mainly found in the cargo-binding region at the C-terminal (Liao et al., 2022). It could be speculated that KIF1A and KIF5A mutations tend to lead to the ALS phenotype when the C-terminal cargo-binding region is influenced and hereditary peripheral neuropathy and the HSP phenotype when the N-terminal motor domain is influenced. The clinical manifestations of KIF1A-related neuropathy disorders vary widely, with KIF1A being the common cause. As a result, these conditions are classified as “KIF1A-associated neurological disorders (KAND)” (Boyle et al., 2021). Differences in gene function may cause the diversity of clinical phenotypes.



Conclusion

In conclusion, we demonstrated that pathogenic KIF1A variants were associated with ALS and analyzed the genotype–phenotype correlation of patients with KIF1A variants. Our finding widened the genotypic spectrum of KIF1A and supplement prior findings of KIF1A-related ALS.
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6   https://sites.google.com/site/clinpred/
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Findings

References

Cultured Smn-depleted LC3-II Increased Unaffected Treatment with the lysosomal proteolysis Garcera et al., 2013
mice motor neurons Beclin 1 inhibitor bafilomycin A1l increases
More severe SMA mice LC3-I1, suggesting autophagic flux to be
(Smn-/-; SMN2) unaffected when Smn is reduced.
Inhibition of the autophagic regulator
Beclin 1 significantly delays neuronal
degeneration.
NSC-34 cell line LC3-1I Increased Reduced Smn depleted cultures transfected with Custer and
Cultured SMA patient p62 GFP-LC3 display an increase in Androphy, 2014
fibroblasts (Type I child autophagosome numbers.
line 3813T; heterozygous Treatment with the autophagic inducer
mother line 3814T) rapamycin was followed by assessment of
Taiwanese severe SMA P62 protein levels — accumulation of p62
mouse model (Smn-/-; was indicative of reduced autophagic flux.
SMNZ2'¢/0)
Cultured Smn-depleted LC3-1I Increased Reduced p62 levels are significantly increased in Periyakaruppiah
mice motor neurons p62 spinal cord motor neurons of SMA mice, etal, 2016
More severe SMA mice suggesting reduced autophagic flux.
(Smn-/-; SMN2) Treatment with the autophagic inhibitor
bafilomycin A1 decreases Smn levels in
control cells; treatment with the
autophagy inducer rapamycin increases
Smn levels in control cells.
Severe SMA mice LC3-1I Increased Unaffected p62 levels remain unaltered in severe Piras et al., 2017
(Smn-/-; SMN2; SMN A7) Beclin 1 SMA mice suggesting autophagic flux not
p62 to be affected.
Treatment with the autophagic inhibitor
3-methyladenine results in reduced
autophagosome number, increased Smn
levels and prolonged lifespan.
Severe SMA mice LC3-1I Increased Reduced Exposure to lysosomal inhibitors display Rodriguez-Muela
(Smn-/-; SMN2; SMN A7) p62 a defective flux as evident by an increase etal., 2018
SMA patient fibroblasts in p62 protein levels, implying a
(Types I, IL, IIT) reduction in autophagosome clearance.
LC3-1I levels are increased in the
presence of lysosomal inhibitors; LC3
levels remain unchanged in SMA patients
further suggesting increased levels of
LC3-II are due to reduced autophagic flux
rather than increased autophagosome
formation.
SMN protein is regulated by autophagy;
i.e., starvation-induced autophagy causes
decreased SMN levels - inhibition of
autophagy increases SMN levels in
starved cells.
SMN protein interacts with p62;
increased p62 levels resulted in further
SMN protein reduction and elevated
mTOR activity.
SMA patient fibroblasts LC3-1I Increased in motor Reduced in motor LC3-1I levels decrease in SMA patient Sansa et al,, 2021
SMA patient muscle p62 neurons neurons muscle and fibroblasts but increase in
More severe SMA mice mTOR Decreased in fibroblasts Reduced in motor neurons, suggesting tissue specific
(Smn-/-; SMN2) Decreased in skeletal fibroblasts outcomes of SMN reduction.

muscle

Increased in skeletal
muscles

P62 decreases in SMA mice muscle
suggesting an increase in autophagic flux.
Conversely, p62 increases in SMA patient
fibroblasts, suggesting a reduced
autophagic flux. Similarly, p62 is
increased in motor neurons, indicative of
areduced flux.

mTOR signaling is found to be increased
in motor neurons (autophagy inhibited);
decreased in skeletal muscle and
fibroblasts (autophagy activated).
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