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The neuron-restrictive silencer factor (NRSF), also known as repressor element 1 (RE-1) silencing transcription factor (REST) or X2 box repressor (XBR), is a zinc finger transcription factor that is widely expressed in neuronal and non-neuronal cells. It is a master regulator of the nervous system, and the function of NRSF is the basis of neuronal differentiation, diversity, plasticity, and survival. NRSF can bind to the neuron-restrictive silencer element (NRSE), recruit some co-repressors, and then inhibit transcription of NRSE downstream genes through epigenetic mechanisms. In neurogenesis, NRSF functions not only as a transcriptional silencer that can mediate the transcriptional inhibition of neuron-specific genes in non-neuronal cells and thus give neuron cells specificity, but also as a transcriptional activator to induce neuronal differentiation. Many studies have confirmed the association between NRSF and brain disorders, such as brain injury and neurodegenerative diseases. Overexpression, underexpression, or mutation may lead to neurological disorders. In tumorigenesis, NRSF functions as an oncogene in neuronal tumors, such as neuroblastomas, medulloblastomas, and pheochromocytomas, stimulating their proliferation, which results in poor prognosis. Additionally, NRSF-mediated selective targets gene repression plays an important role in the development and maintenance of neuropathic pain caused by nerve injury, cancer, and diabetes. At present, several compounds that target NRSF or its co-repressors, such as REST-VP16 and X5050, have been shown to be clinically effective against many brain diseases, such as seizures, implying that NRSF and its co-repressors may be potential and promising therapeutic targets for neural disorders. In the present review, we introduced the biological characteristics of NRSF; reviewed the progress to date in understanding the roles of NRSF in the pathophysiological processes of the nervous system, such as neurogenesis, brain disorders, neural tumorigenesis, and neuropathic pain; and suggested new therapeutic approaches to such brain diseases.
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INTRODUCTION
The neuron-restrictive silencer factor (NRSF), also known as repressor element 1 (RE-1) silencing transcription factor (REST) or X2 box repressor (XBR), is a zinc finger transcription factor that is widely expressed in both neuronal and non-neuronal cells in different species as well as in normal and abnormal brain tissues (Zhao et al., 2017). It was initially reported independently by two study groups in 1995 to be a master repressor in neurogenesis (Schoenherr and Anderson, 1995a; Chong et al., 1995). NRSF inhibits the expression of target genes by binding to the neuron-restrictive silencer element (NRSE/RE-1) that is present in the regulatory region of the neuron-specific genes (Roopra et al., 2004; Valouev et al., 2008; Song et al., 2015). NRSF can also specifically activate neuron-related genes, mainly small non-coding region genes, such as the dynamin I gene (Yoo et al., 2001). The dynamic expression and variable levels of NRSF in different cells and tissues and at different stages throughout the development of the nervous system are vital to blocking the expression of neuron-specific genes in non-neuron cells and ensuring the establishment of neuronal specificity (Palm et al., 1998).
In recent decades, accumulating evidence has also shown the high involvement of NRSF in neurogenesis, brain disorders, tumorigenesis, as well as NPP. Chen et al. reported that knockdown of NRSF during embryogenesis could lead to brain abnormalities and the premature death of mice (Chen et al., 1998). Additionally, more and more compounds that target NRSF or its co-repressors, such as REST-VP16, X5050, and valproic acid (VPA), seem to be clinically effective against brain diseases, including seizures and NPP (Immaneni et al., 2000; Warburton et al., 2015; Zhao et al., 2017). These findings suggest that NRSF plays multiple roles in the pathophysiological process of the nervous system, and it may be a promising potential therapeutic target for certain brain disorders. Therefore, in the current review, we aimed to summarize the recent studies about NRSF in the nervous system, which will facilitate a better understanding of the pathophysiology of NRSF in the nervous system and promote NRSF-targeted clinical applications.
BIOLOGICAL CHARACTERISTICS OF NRSF
NRSE is a 21- to 23-bp DNA sequence that is highly conserved among species and is the target sequence for NRSF protein binding (Thiel et al., 1998). It was first identified in the voltage-gated type II sodium channel and the promoter of the superior cervical ganglion gene 10 (SCG10) (Kraner et al., 1992). NRSE may not be the only target sequence for NRSF. Otto et al. (2007) and (Johnson et al., 2010) found a bisect sequence that was different from the recognized common sequence of NRSE, and there were 16–19 bases between the two parts of the sequence, suggesting that there might be more NRSF binding sites.
NRSF is a transcription regulatory protein belonging to the Gli–Kruppel transcription factor family with a molecular weight of 116 ku and a full length of 1,069 amino acids (Schoenherr and Anderson, 1995b; Chong et al., 1995). Previous studies have shown that NRSF amino acid sequences in different species have high homology (Bruce et al., 2004). Generally, NRSF contains nine Cys/His2 zinc finger structures, one DNA-binding domain, one lysine-rich region, one proline-rich region, and two repression domains (N-terminal and C-terminal repressor domains) (Schoenherr and Anderson, 1995a; Chong et al., 1995). Zinc finger structures 2 through 5 mainly play the role of nuclear localization, zinc finger structures 6 to 8 can bind to target sequences, and zinc finger structure 9 has the function of target DNA and RNA recognition (Schoenherr and Anderson, 1995b; Chong et al., 1995). NRSF has different transcripts because of alternative splicing. These transcripts lack the C-terminal repressor structure compared to NRSF. They can antagonize the transcriptional inhibition by NRSF and activate gene transcription (Palm et al., 1998). For example, REST 4, a truncated form of NRSF found in humans or rodents and mainly expressed in neuronal cell or tissues, can act as “anti-silencer” that competitively binds to NRSE, thereby promoting neuron-specific gene expression (Tabuchi et al., 2002). In several pathophysiological processes, such as neurogenesis, neurological disorders, and non-neuronal tumorigenesis, the dynamic balance between REST 4 and NRSF has been reported as playing an important role (Coulson et al., 2000; Yu et al., 2009; Raj et al., 2011).
MECHANISM OF TRANSCRIPTIONAL INHIBITION BY NRSF
The NRSF-mediated transcriptional inhibition mechanism is very complicated (Figure 1). It is mainly based on repressor domains at both ends of NRSF and relies on the assistance of multiple regulatory factors. The N-terminal and C-terminal repression domains can independently exert transcriptional inhibition of neuron-specific genes by recruiting co-repressors. When NRSF specifically binds to the NRSE sequence of the target gene, the N-terminal repression domain can bind to mSin3A/B and recruit histone deacetylase (HDAC) transcriptional inhibition complexes. The complex deacetylates lysine residues of nucleosome histones, prompting tight nucleosome encapsulation to form heterochromatin that blocks the transcription of target genes and thus maintains gene silencing (Naruse et al., 1999). The C-terminal repression domain can bind to REST co-repressor proteins (CoRESTs). The SANT (SWI/SNF, ADA, NCoR, and TFIIIB) domain of CoRESTs provides a platform for the assembly of specific transcription inhibitors, and CoRESTs also act as molecular beacons to further attract HDAC1, HDAC2, methyl-CpG-binding protein-2 (MeCP2), and histone H3 and K4 lysine demethylase to promote and maintain methylated CPG-dependent gene silencing (Lakowski et al., 2006; Ooi and Wood, 2007). Under certain conditions, the transcriptional inhibition by NRSF also depends on the synergic repression by other epigenetic regulators, such as C-terminal binding protein, DNA methyltransferase, chromatin remodeling enzyme, Sp3 (one member of the Sp factor family), CDYL (chromodomain on Y-like), MED19, and MED26 (Shi et al., 2003; Mulligan et al., 2008; Ding et al., 2009; Formisano et al., 2015). For example, synergic repression by Sp3 is required for NRSF to suppress ncx1 gene transcription in brain ischemia (Formisano et al., 2015).
[image: Figure 1]FIGURE 1 | A schematic illustration of the transcriptional repression mechanism by NRSF. (A) After specifically binding of NRSF to the NRSE sequence of the target gene, the N-terminal repression domain of NRSF can bind to mSin3A/B, and recruit HDACs and other factors to form transcriptional inhibition complex. The complex deacetylates lysine residues of nucleosome histones, prompting tight nucleosome encapsulation to form heterochromatin that blocks the transcription of target genes and thus maintains gene silencing. (B) The C-terminal repression domain can bind to REST co-repressor proteins (CoRESTs), and further attract HDAC1, HDAC2, and MeCP2 to promote and maintain methylated CPG-dependent gene silencing. (C) LncRNAs and microRNAs regulate the expression of NRSF through the regulatory feedback mechanism. (D) Ubiquitin dynamically modulates NRSF expression by degrading NRSF through ubiquitin-mediated proteolysis. nSR100 negatively regulate NRSF by inducing alternative slicing of NRSF. NRSF transportation disorder reduces the NRSF level in the nucleus, thus alleviating the transcriptional repression by NRSF.
Noncoding RNAs, including microRNAs and lncRNAs, as well as ubiquitin and other factors, may be involved in NRSF-based transcription regulation. NRSF represses the expression of many microRNAs, while microRNAs can in turn regulate the expression of NRSF through the regulatory feedback mechanism and participate in the pathophysiological process of the nervous system (Kuwabara et al., 2004; Conaco et al., 2006; Laneve et al., 2010; Hwang et al., 2014; Rockowitz et al., 2014; Brennan et al., 2016). For instance, Laneve et al. (2010) and Conaco et al. (2006) reported that the interaction between miRNA-9 or miRNA-124a and NRSF may be related to the maintenance of neuronal-differentiation programs. Brennan et al. (2016) found that miR-124 is involved in epileptogenesis by effectively blocking NRSF upregulation and enhancing microglia activation and inflammatory cytokines. Ubiquitin is a NRSF regulator that modulates NRSF degradation through ubiquitin-mediated proteolysis via a Skp1-Cul1-F-box protein complex containing an E3 ubiquitin ligase (β-TRCP). Ubiquitin-mediated NRSF degradation is required for proper neuronal differentiation, which promotes the expression of neuron-specific genes in neuronal cells (Westbrook et al., 2008). In addition, other factors, such as nSR100, can also negatively regulate NRSF by inducing alternative slicing of NRSF. The transcripts of NRSF antagonize transcriptional inhibition by NRSF, and thereby activate the expression of NRSF-targeted genes (Raj et al., 2011).
NRSF transport disorder may also be involved in NRSF-mediated transcriptional inhibition. Normally, NRSF is synthesized in the cytoplasm. Most NRSFs need to be transported into the nucleus to bind with NRSE and play a transcriptional-inhibitory role (Zhao et al., 2017). Meanwhile, NRSF retained in the cytoplasm can be drawn to the ribosome to activate translation-initiation factors and upregulate neuron-specific gene expression. However, some special protein molecules, such as the Huntingtin protein, can reduce NRSF in the nucleus by “arresting” part of NRSF in the cytoplasm, thereby upregulating the expression of NRSF target genes in the nucleus (Bessis et al., 1997; Zuccato et al., 2003).
NRSF AND NEUROGENESIS
At the cellular level, nervous system development is the differentiation of embryonic stem (ES) cell-derived neuronal stem cells into neuronal progenitor cells with a limited self-renewal capacity and then into neuroblasts and glioblasts, which in turn give rise to neurons and glial cells. These changes are macroscopically expressed as the generation of the nervous system (D’Aiuto et al., 2014). Traditionally, the main mechanism of the regulation of nervous system development is believed to be that transcription activators that enhance gene expression are induced by the body step by step to activate neuron-specific gene expression, thus promoting the specialization of the nervous system. However, the advent of NRSF suggested that the “unlocking” of some key genes is also an important regulatory mechanism (Schoenherr and Anderson, 1995a). The release of NRSF from NRSE sequences of these genes results in the release of gene transcriptional inhibition and the expression of characteristic products of the nervous system. To date, these neuron-specific genes containing NRSE are known to include 1) ion channels, such as the NaCh II gene; 2) neurotransmitters and their synthases, such as the neurotransmitter gene TACl; 3) synaptic vesicle proteins; 4) cell-adhesion molecules, such as the protocadherin gene; 5) hormones, such as neurokinin B01 and human tyrosine hydroxylase; and 6) neurotrophic factors, cytoskeletal proteins, and extracellular matrix genes (Kraner et al., 1992; Sun et al., 2005; Kim M. Y. et al., 2006; Greco et al., 2007; D’Alessandro et al., 2009; Gillies et al., 2009; Abrajano et al., 2010; Tan et al., 2010). These NRSF-target genes are commonly involved in neuronal differentiation and synaptic plasticity, including ion conductance, axonal growth, and vesicle transport and release (Sun et al., 2005). Under the transcriptional regulation of NRSF, these neuron-specific genes are differentially expressed in various cells at different stages of nervous system development. However, the regulatory mechanism of NRSF synthesis remains unclear (Zhao et al., 2017). Several cytokines and signaling pathways have been shown to regulate NRSF expression, including IκB kinase α, bone morphogenetic protein, Oct4, β-TrCP, canonical Wnt pathways, and RA pathways (Nishihara et al., 2003; Kohyama et al., 2010; Ohnuki et al., 2010; Khoshnan and Patterson, 2012). Intriguingly, the NRSE sequence was also found to be contained in the gene promoter of NRSF, indicating that NRSF expression is also regulated by self-feedback (Sun et al., 2005; Abrajano et al., 2010).
NRSF is involved in the regulation of ES cell totipotency maintenance and self-renewal ability. In vitro, the silencing of NRSF target genes in ES cells of mice resulted in the loss of the self-renewal ability of these ES cells, and the expression levels of important genes maintaining cell totipotency, such as Oct4, Nanog, Sox2, Tbx3, and c-myc, were significantly downregulated. Exogenous addition of NRSF protein could restore the self-renewal ability of these cells (Kim S. M. et al., 2006; Singh et al., 2008). In vivo, knockout of the NRSF gene in mice resulted in early embryonic lethality with deficient neurogenesis due to the decreased self-renewal ability of ES cells (Zhao et al., 2017). In humans, Bahn et al. (2002) reported that neurological deficits in patients with Down syndrome are due to reduced NRSF expression in ES cells and the premature onset of neuronal differentiation, apoptosis, or neuronal loss. Decreased NRSF levels in ES cells and a mouse model of Down syndrome reduced the expression of totipotency maintenance–related transcription factors such as Oct4, Nanog, and Sox2, while the expression of specific differentiation-related transcription factors (e.g., GATA4, GATA6, FOXA2, PITX2, and SNAI1) were upregulated (Canzonetta et al., 2008). All this evidence suggests that NRSF plays an important role in the self-renewal ability and maintenance of totipotency of the inner cell mass during blastocyst formation. However, several contrary studies have shown that the perturbation of NRSF in embryonic stem cells does not alter their differentiation status (Buckley et al., 2009; Jørgensen et al., 2009; Yamada et al., 2010; Soldati et al., 2012). For example, Jørgensen et al. (2009) reported that NRSF-deficient embryonic stem cells remain pluripotent, capable of differentiating into cells of the three germ layers, i.e., mesoderm, endoderm, and ectoderm. They argued that ES cell pluripotency needs to be evaluated in a complex context, but not only under culture conditions. Moreover, extracellular matrix components, such as feeding cells and laminin, may salvage the role of NRSF in ESC pluripotency (Singh et al., 2012). Taken together, these findings suggest that NRSF is an important but not indispensable element in maintaining ES cell totipotency and self-renewal ability, though NRSF depresses the neuron-specific gene expression program.
NRSF also plays an important part in regulating neuronal differentiation and neurogenesis. In vitro, several studies have demonstrated that downregulation of NRSF is required to induce the differentiation of ES cells toward the neuronal lineage (Ekici et al., 2008; Gao et al., 2011). High levels of NRSF in the nucleus of ES cells and neuronal stem cells maintain high transcriptional inhibition of neuron-specific genes, while the level of NRSF in neuronal progenitor cells, neuronal precursor cells, and neurons is gradually decreased, and the expression level of NRSF-target genes such as Drd2, Syt2, and Kirrel3, is gradually increased on the whole, thereby ensuring the normal process of neuronal differentiation and endowing neuronal specificity (Sun et al., 2005). These findings are similar to those of studies by Gupta et al. (2009) and Yang et al. (2008), which found that NRSF regulates the differentiation of ES cells or bone marrow-derived mesenchymal stem cells into neurons, accompanied by the increased expression of various characteristic proteins of neurons. Additionally, several in vivo studies also confirmed the roles of NRSF in neuronal differentiation and neurogenesis (Chen et al., 1998; Olguín et al., 2006; Gao et al., 2011). In Xenopus embryos, NRSF inhibition resulted in abnormal neurogenesis, including perturbations of the cranial ganglia, neural tube, and visual development; reduced expression of neural crest markers; and expression loss of pro-neural, neuronal, and neurogenic genes (Olguín et al., 2006). In chicken embryos, NRSF inactivation caused repression of neuronal tubulin and several other neuronal genes, while overexpression of NRSF inhibited endogenous target genes and increased the frequency of axon guidance errors (Chen et al., 1998). Similar findings have been reported in zebrafish (Wang et al., 2012). Knockdown of NRSF resulted in gastrulation delay or blockage and subsequent embryo lethality with deficient neurogenesis (Wang et al., 2012). In summary, this evidence both in vivo and vitro demonstrates that NRSF-mediated neuron-specific gene repression is an important regulatory mechanism in neuronal differentiation and neurogenesis.
The development of the nervous system is a complex, continuous, and gradual process. Although NRSF-mediated gene repression is an important regulatory mechanism in the establishment and maintenance of neuronal identity, it also requires post-transcriptional downregulation of non-neuronal transcripts, which is modulated by the interaction between NRSF and microRNAs (Yu et al., 2011; Conti et al., 2012). For example, NRSF regulates the expression of miR-124, and miR-124 in turn targets the messenger RNA (mRNA) of small C-terminal domain phosphatase l, leading to reduced expression of small C-terminal domain phosphatase l in differentiated neurons and the downregulation of NRSF transcriptional inhibition, thus participating in cell differentiation and neurogenesis (Conti et al., 2012). It should be emphasized that NRSF is not the sole master regulator responsible for neuronal fate acquisition; instead, NRSF acts as a regulatory hub that mediates multiple levels of neuronal development (Zhao et al., 2017).
NRSF AND BRAIN DISORDERS
The above evidence has shown that NRSF is involved in multiple physiological processes of normal brain function. Therefore, overexpression, underexpression, mutation, or abnormal distribution of NRSF may lead to brain dysfunction. The following neurological diseases have been reported to closely correlate with aberrant expression of NRSF: neurodegenerative diseases (e.g., HD, PD, dementia, Down syndrome, and Niemann–Pick type C disease [NPC]), brain injury (e.g., ischemia injury, global ischemia, and stroke-related brain injury), seizures, mental diseases, and other disorders, like alcoholism (Lepagnol-Bestel et al., 2009; Cai et al., 2011; Yu et al., 2013; Henriksson et al., 2014; Hwang and Zukin, 2018; Kawamura et al., 2019). Comprehensive understanding the underlying mechanisms of NRSF and its copartners in these diseases contributes to identifying potential therapeutic targets.
HD is a neurodegenerative disease directly caused by mutations in the Huntington protein (Htt) (Hwang and Zukin, 2018). Under normal physiological conditions, dynactin p150Glued, huntingtin-associated protein 1 (HAP1), REST-interacting LIM domain protein (RILP), and huntingtin form a complex that can interact with NRSF and be involved in the translocation of NRSF into the nucleus, of which HAP1 is responsible for the cellular localization of NRSF in neurons. The wild-type Htt sequesters NRSF in the cytoplasm of mouse striatum neurons, thereby inhibiting its function (Shimojo and Hersh, 2006; Shimojo, 2008). However, the mutant Huntington protein reduces the binding ability of the complex to NRSF, and NRSF is massively transferred to the nucleus (Hwang and Zukin, 2018). The high concentration of NRSF in the nucleus highly inhibits the transcription of protein-coding genes and non–protein-coding genes containing NRSE sequences, thereby resulting in neuronal death (Zuccato et al., 2007; Johnson et al., 2010). For example, brain-derived neurotrophic factor (BDNF), an NRSF-target gene that is essential for neuronal survival, plasticity, and dendritic growth, is repressed in HD due to the high level of NRSF in the nucleus and the formation of the repressor complex on the promoter of BDNF, ultimately resulting in neurodegeneration (Zuccato et al., 2003). NRSF represses the transcription process of genes other than BDNF, which may also involve in the pathophysiological process of HD, such as synaptophysin, synaptosomal nerve-associated protein 25, fibroblast growth factor 1, and mitochondrial ornithine aminotransferase, which are responsible for synaptic activity, immunomodulation, neurotransmitter release, the secretion of neurotransmitters, striatal neuronal survival, and glutamate synthesis (Wong et al., 1982; Zuccato et al., 2007; Soldati et al., 2011). The underlying mechanisms of NRSF in HD are complicated and remain nebulous. On one hand, NRSF may be involved in HD by blocking the expression of these neuronal genes through an epigenetic mechanism. Deacetylation on the promoters of several neuronal genes that encode neuronal proteins responsible for morphogenesis and neurogenesis was increased, such as polo-like kinase and Ras and Rab interactor 1 (Guiretti et al., 2016). Furthermore, the use of HDAC inhibitors improved motor dysfunction and survival due to less neuronal loss in a mouse model of HD (Ferrante et al., 2004; Gardian et al., 2005). Complicatedly, the epigenetic pathway in HD is not only regulated by NRSF but also by other factors, and it may also occur in the absence of NRSF (Pogoda et al., 2021). On the other hand, NRSF may be involved in HD by interacting with microRNAs. For example, miR-9, a microRNA that regulates NRSF expression levels, upregulated NRSF in HD through a negative feedback mechanism (Packer et al., 2008).
PD is another neurodegenerative disease associated with abnormalities in NRSF. In human dopaminergic SH-SY5Y cells treated with neurotoxin 1 (MPP+), the NRSF expression level and nucleo-plasma distribution ratio in cells were changed, resulting in repression of NRSF-target genes and the death of dopaminergic neurons. Meanwhile, alternation of NRSF expression by RNAi techniques reversed cell viability (Yu et al., 2009). The synchronous occurrence of NRSF abnormality and dopaminergic neuron death suggests that NRSF is related to HD. Furthermore, the tyrosine hydroxylase gene, a rate-limiting enzyme of dopamine synthesis, may be an NRSF-target gene and is repressed by NRSF because suppression of NRSF with the HDAC inhibitor promotes tyrosine hydroxylase promoter activity (Kim M. Y. et al., 2006). Meanwhile, Ohnuki et al. (2010) observed that the expression of NRSF correlates with the dysregulation of striatal genes in an MPTP-lesioned monkey model. Taken together, this evidence implies that NRSF-mediated target gene repression is an important mechanism in the development of PD.
During normal aging, NRSF is induced in part by cell non-autonomous Wnt signaling, and targets and suppresses several genes that promote cell death and Alzheimer’s disease (AD) pathology. However, in several dementias, such as AD, frontotemporal dementia, and dementia with Lewy bodies, NRSF is almost absent from the nucleus of cortical and hippocampal neurons, while it is found in autophagosomes together with misfolded proteins, thus leading to the upregulation of NRSF-target genes and causing neurodegeneration, which is consistent with the finding that conditional deletion of NRSF from the mouse brain leads to age-related neurodegeneration (Lu et al., 2014). NRSF is also involved in NPC, a lysosomal storage disorder-related neurodegenerative disease characterized by cholesterol accumulation in late endosomes and lysosomes, which is caused by a null mutation in the NPC1 gene (Du et al., 2015). In NSCs derived from NPC1-deficient mice, valproic acid (VPA) increases neuronal differentiation and restores impaired astrocytes. Moreover, several neurotrophic genes, such as TrkB, BDNF, and NeuroD, are upregulated by blocking the function of NRSF with VPA treatment (Kim et al., 2007).
The above evidence confirms the involvement of NRSF in the development of neurodegenerative diseases. NRSF is involved in seizures and other epilepsy-promoting insults as well. Increased expression of NRSF in hippocampal neurons has been observed, and the epileptic phenotype can be attenuated by suppressing NRSF function (McClelland et al., 2011). Many NRSE-containing genes in the hippocampus that code for receptors, ion channels, and other important proteins can be restored by blocking the binding site of NRSF to chromatin, which further demonstrates the involvement of NRSF in the development of seizures (McClelland et al., 2014). Furthermore, brain ischemia, global ischemia injury, ischemia–reperfusion injury, or stroke-related injury that causes neuronal damage or delayed death of hippocampal CA1 pyramidal neurons may also be associated with aberrant expression of NRSF. On the one hand, increased NRSF expression in ischemia injury may suppress GluR2 promoter activity and gene expression, which is essential for synaptic plasticity and synaptic remodeling. In an in vitro model, Calderone et al. (2003) demonstrated that acute knockdown of the NRSF gene reverses GluR2 suppression and rescues post-ischemic neurons from ischemia-induced cell death. On the other hand, increased NRSF may downregulate mu opioid receptor 1 (MOR-1) mRNA and protein expression which is abundantly expressed in basket cells and inhibitory interneurons of CA1 via epigenetic modifications. Ischemia promotes the deacetylation of core histone proteins H3 and H4 and the dimethylation of histone H3 at lysine-9 over the MOR-1 promoter. Acute knockdown of MOR-1 gene expression protects against ischemia-induced death of CA1 pyramidal neurons in vivo and in vitro (Formisano et al., 2007). In recent research, Luo et al. (2020) reported that cerebral ischemia–reperfusion injury caused a downregulation of HCN1 expression by enhancing the nuclear NRSF–HDAC4 gathering that contributes to neuron damage, which further demonstrates the involvement of NRSF in brain ischemia injury. Additionally, the interaction of NRSF and casein kinase 1 (CK1) or miR-132 (a microRNA that is important for synaptogenesis, synaptic plasticity, and structural remodeling) is also implicated in ischemia-induced hippocampal cell death. Ischemic insults promote NRSF binding and epigenetic remodeling at the miR-132 promoter and silencing of miR-132 expression in selectively vulnerable hippocampal CA1 neurons. Depletion of NRSF by an RNAi technique blocks ischemia-induced loss of miR-132 in insulted hippocampal neurons in vivo, consistent with a causal relationship between the activation of NRSF and silencing of miR-132 (Wu and Xie, 2006; Hwang et al., 2014). In addition, overexpression of miR-132 in primary cultures of hippocampal neurons or delivered directly into the CA1 of living rats by means of the lentiviral expression system prior to induction of ischemia protects against ischemia-induced neuronal death (Hwang et al., 2014). Brain ischemia injury also triggered a downregulation of CK1 and an upregulation of NRSF in rat hippocampal CA1 neurons. Administration of the CK1 activator immediately after ischemia could successfully suppress the expression of NRSF and rescue neuronal death (Kaneko et al., 2014). In addition, several studies also revealed the involvement of NRSF in mental diseases. Tateno et al. showed that ethanol-induced neuronal loss is associated with increased NRSF. The abnormal neuronal differentiation of NSCs induced by ethanol can be rescued by lithium and mood-stabilizing drugs by blocking the binding activity of NRS to chromatin (Tateno et al., 2006; Tateno and Saito, 2008).
NRSF AND TUMORIGENESIS
NRSF plays different roles in different tumor types. Under normal physiological conditions, NRSF is highly expressed in non-neuronal cells, but there is almost no or very low expression of it in mature neuronal cells (Song et al., 2015; Zhao et al., 2017). On the contrary, NRSF expression is decreased in non-neural tumors and increased in neural tumors. Thus, NRSF is thought to play a tumor-suppressor role in non–nervous system tumors, while it acts as a proto-oncogene in nervous system tumors (Huang and Bao, 2012). Currently, the neurogenic tumors that have been reported to be related to NRSF mainly include gliomas, medulloblastomas, and pheochromocytomas, among which adverse drug reactions, high recurrence rate, and poor prognosis are still important problems for patients with such tumors. In this section, we focus on the progress made in the regulatory mechanisms of NRSF in neural tumors.
Glioma (neuroglioma) is the most common type of tumor of the central nervous system and has no effective therapies due to its poor differentiation, rapid proliferation, and strong tissue invasion (Reifenberger et al., 2017). NRSF was found to be highly expressed in glioma tumor cells and tissues. Conti et al. (2012) reported that the expression level of NRSF in tumorigenic glioma cell lines was significantly higher than that in brain-derived neural stem cells. Furthermore, the expression level of NRSF mRNA in glioma tumor tissues was two to five times higher than that in normal brain tissues (Conti et al., 2012). In vitro, NRSF was found to be involved in glioma cell line formation. Overexpression of NRSF prevents neuronal cells from differentiating into glial cells but induces glioma cell line formation (Bergsland et al., 2014). By altering the expression of telomere-binding protein 2 and ubiquitin ligase E3, the upstream regulators of NRSF, the growth of glioma stem cells was accelerated, and differentiation was reduced after the reduction in NRSF expression (Bai et al., 2014). Moreover, NRSF is a master regulator that maintains glioblastoma cell proliferation and migration. Inhibition of NRSF suppresses proliferation and migration in glioblastoma cells, partly through regulating the cell cycle by repressing downstream genes (Conti et al., 2012). In clinical practice, Wagoner and Roopra (2012) observed that glioblastoma patients with high NRSF expression have greater malignancy, less sensitivity to chemotherapy, and significantly lower overall survival than patients with low NRSF expression. Taken together, this evidence suggests that high expression of NRSF found in both glioma tissues and cell lines may regulate the growth of glioma cells by affecting their proliferative ability and tumorigenicity, and that NRSF may be a prognostic factor of glioma because the degree of deterioration of glioma is positively correlated with the level of NRSF expression. The underlying mechanisms of NRSF gliomas are complicated. On the one hand, NRSF can regulate the tolerance of glioma cells to glutamate by inhibiting GluR2 expression and improve their adaptability to the living environment. Glutamate secreted by glioma cells can produce a certain degree of cytotoxicity to itself through glutamate receptors on the cell surface, and interference with the expression of glutamate receptors can reduce the sensitivity of glioma cells to glutamate (Ekici et al., 2012). Ekici et al. (2012) reported that the overexpression of NRSF reduced the mRNA expression of the GluR2 gene (an important type of glutamate receptor subtype, containing an NRSF sequence), and the expression of GluR2 increases following interference in NRSF expression with shRNA or induction of NRSF mutation. On the other hand, the actions of NRSF in gliomas involve microRNAs. These microRNAs include tumor-promoting miR-21, miR-10b, and miR26a, and tumor-inhibiting miR-326, miR-128, miR-181, miR-7, and miR-124a (Fu et al., 2018; Huang et al., 2019; Bautista-Sánchez et al., 2020; Bhere et al., 2020; Rezaei et al., 2020; Stakaitis et al., 2020; Wang et al., 2020). For example, high NRSF expression in glioblastoma decreases the miR-124a expression, and thereby increasing the expression of NRSF-target genes, such as SNAI-1 (a transcription factor that promotes cell invasion and tumor metastases), Scp1, and PTPN12 (two small phosphatases), and finally stimulating cell proliferation (Tivnan et al., 2014). In addition, several studies have also confirmed the role of the balance between NRSF and REST4 in gliomas (Chen and Miller, 2013; Ren et al., 2015; Li et al., 2017). REST4 is a truncated transcript of NRSF that can affect the expression of NRSF in vivo and in vitro (Zhao et al., 2017). Chen and Miller (2013) observed selective shearing of NRSF in a variety of tumor tissues and cell lines, and found that pioglitazone, a peroxidase growth factor activator receptor 1 agonist, can induce selective shearing of NRSF to form REST4, resulting in the loss of an important part of nuclear translocation and preventing NRSF from binding to DNA. In addition, pioglitazone can inhibit the proliferation and induce apoptosis of glioma cells and has an anti-glioma effect, which may be related to the reduction of NRSF expression level regulated by REST4 (Ren et al., 2015).
Medulloblastoma (MB) is the most malignant glioma in the brain. In clinical practice, human MB cells showed high expression of NRSF compared to neuronal precursor cells (NTera2) and fully differentiated human neural cells (hNT), and MB patients with high NRSF expression had poorer overall survival and progression-free survival than patients with low NRSF expression (Lawinger et al., 2000; Taylor et al., 2012). Moreover, the proliferation of MB cells was decreased and apoptosis was increased when transfected with REST–VPL6, a recombinant transcription factor that is a competitive inhibitor of NRSF (Lawinger et al., 2000). These findings were consistent with the finding by Fuller et al. that NRSF was highly expressed in 17 of 21 MB tissues, while NRSF was not expressed in the adjacent tissues, and the growth of MB cells and tissue in the brains of mice was stopped by the use of REST–VPL6, competitively antagonizing the action of NRSF (Fuller et al., 2005). Taken together, this evidence suggests the involvement of NRSF in MB. However, the underlying mechanism of NRSF in MB is complicated and remains elusive. In vitro, sertraline, chlorprothixene, and chlorpromazine inhibit MB cell growth by acting with the NRSF-binding site of the corepressor mSin3 (Kurita et al., 2018). Furthermore, knockdown of NRSF, which is highly expressed in MB cells, can relieve the inhibitory effect on the gene encoding the de-ubiquitination enzyme USP37, upregulate the expression of USP37 protein and promote the de-ubiquitination of tumor suppressor p27 and stabilize its expression, thus inhibiting the proliferation of tumor cells, which indicates that the classical action of NRSF, namely NRSF-mediated transcription inhibition—especially the NRSF-USP37-P27 pathway—may be a vital regulatory mechanism in the development of MB (Das et al., 2013). Additionally, NRSF may also influence the proliferation and pathogenicity of MB through other mechanisms. For example, increased NRSF promotes the growth of MB, possibly by promoting vascular growth through autocrine and paracrine mechanisms, which further demonstrates the complexity of the NRSF regulatory mechanism in MB (Shaik et al., 2021).
In summary, various studies have implicated the oncogenic role of NRSF in neural tumors, and several NRSF-mediated regulatory mechanisms of tumorigenesis have been identified. However, further studies are warranted to reveal the comprehensive cell biological networks of tumorigenesis by which NRSF governs cell proliferation, cell transformation, and tumor growth.
NRSF AND NEUROPATHIC PAIN
NPP is a common chronic pain in clinical practice that is mainly caused by sensitization of the central or peripheral nervous system. It is widely considered one of the most difficult pain syndromes to treat, and current therapeutic strategies are largely ineffective due to a lack of understanding of its causes (Finnerup et al., 2021). In recent years, several studies have shown NRSF-mediated suppression of specific genes is an important component in the development and maintenance of NPP.
The Kcnd3 gene encodes the Kv4.3 channel protein, which is widely involved in the process of sensory signal transduction. In the Kcnd3 genes of mouse, rat, and human, a conserved NRSE sequence was verified. Using a mouse sciatic nerve injury model, (Uchida et al., 2010a), found that NRSF expression was upregulated and Kcnd3 expression was downregulated, with the binding of NRSF to NRSE in the promotor region of Kcnd3 significantly increased and histone H4 acetylation decreased. Anti-sense nucleotide knockdown of NRSF can reverse the downregulation of Kv4.3 channel expression, which further demonstrates that NRSF plays important roles in modulating the expression of Kv4.3 and the development and maintenance of NPP (Uchida et al., 2010b). In the Scn10a gene, similar regulatory mechanisms were observed. The expression of NRSF in the dorsal root ganglion (DRG) is increased after nerve injury, and it specifically binds to NRSE sequence in the promoter region of the Scn10a gene and downregulates the transcription and ion channel protein expression through an epigenetic mechanism, thereby participating in the primary sensory nerve C-fiber inactivation process. Knockdown of NRSF with the HDAC inhibitor trichostatin A, VPA, suberoylanilide hydroxamic acid or anti-sense oligonucleotide can effectively reverse the downregulation of Scn10a transcription and the inhibition of C fiber function (Uchida et al., 2010a). Our previous work in a sarcoma murine model verified that MOR mRNA expression is also regulated by NRSF. In DRG neurons of sarcoma-bearing mice, NRSF expression is upregulated while MOR mRNA expression is downregulated, accompanied by promoted binding of NRSF to NRSE within the promoter area of the MOR gene and a hypoacetylation state of histone H3 and H4. Genetically knocking down NRSF with anti-sense oligodeoxynucleotide rescued the expression of MOR and potentiated the analgesic effect of morphine (Zhu et al., 2017). These findings were also demonstrated in a nerve injury pain model, which further indicates that NRSF-mediated transcription inhibition of the MOR gene is an important regulatory mechanism in pain signal transduction (Kim et al., 2004). Chrm2 is another gene that is selectively repressed by NRSF in NPP. Zhang et al. (2018) reported that nerve injury persistently increased the NRSF expression and reduced Chrm2 expression in DRG neurons, as well as increasing the enrichment of NRSF in the Chrm2 promoter and diminishing the analgesic effect of muscarine. Knockdown or genetic ablation of NRSF in DRG neurons rescued the Chrm2 expression and augmented muscarine’s analgesic effect on NPP (Zhang et al., 2018). Currently, the NRSF-mediated transcriptional inhibition target gene pool has not been well established in NPP. Many genes upregulated in the microarray and RNA sequencing studies of NPP mouse models also have promoter regions that show occupancy by NRSF or its cofactors (such as SIN3A, CoREST, and HDAC1/2) in the ENCODE database. These genes include Cacna2d1 (an L-type voltage-gated calcium channel), GABAA receptor 5 subunit, vasoactive intestinal peptide, growth-associated protein 43, and Gadd45a (DNA demethylase) (Perkins et al., 2014). Further study is warranted to verify whether these genes are involved in NPP in the future. Taken together, these findings indicate that NRSF regulates the gene transcription of various nociceptive transduction molecules through epigenetic mechanisms to affect the development and maintenance of NPP.
The epigenetic mechanisms of NRSF-mediated selective gene repression in NPP remain elusive. On the one hand, in the same way as its classical action, NRSF recruits co-repressors, such as mSin3 and HDACs, and then deacetylates nucleosome histones, thereby inhibiting the transcription of target genes involved in NPP. In a diabetic pain model, Xiao-Die et al. (2020) reported that high glucose and high palmitic acid treatment induced the upregulation of NRSF and its cofactors (mSin3A, CoREST, and HDAC1) but the downregulation of GluR2 and NMDAR2B in the anterior cingulate cortex neurons. Knockdown of NRSF could partially reverse the expression changes of HDAC1 and NMDAR2B. These findings were further confirmed by Ueda et al. (2017), who found that a chemically optimized mimetic mS-11 (a mimetic of the mSin3-binding helix) can inhibit mSin3–NRSF binding and successfully reverse lost peripheral and central morphine analgesia in mouse models of pain. In addition, previous studies also have shown that HDAC inhibitors reduce pain symptoms in a variety of pain models by eliminating NRSF-mediated chromatin remodeling and transcriptional inhibition (Bai et al., 2015). On the other hand, pain-induced phosphorylation of MeCP2 may be another potential epigenetic mechanism for NRSF-mediated gene transcription inhibition in NPP. MeCP2 is a methylated DNA-binding protein that recruits co-inhibitory complexes and promotes NRSF recruitment of CoREST (Chen et al., 2003). In a mouse model of pain, elevated phosphorylation of MeCP2 was observed in DRG neurons. When MeCP2 is phosphorylated, its affinity for methylated DNA is reduced, and the transcription levels of its target genes are thereby promoted (Géranton et al., 2007). Additionally, whether the actions of NRSF in NPP involve microRNAs remains controversial, though several studies have documented decreased microRNA expression in chronic pain models (Descalzi et al., 2015). For example, expression levels of miR-7a, -134, and -96 were downregulated in the DRG neurons in various rodent pain models (Ni et al., 2013; Sakai et al., 2013; Chen et al., 2014). However, the promoter regions of these downregulated microRNAs do not contain NRSE or NRSF-related binding sequences (Willis et al., 2016). There are two possible explanations for the contrary phenomenon (altered expression but without NRSE sequences). First, the downregulation of these microRNAs may not be mediated by NRSF but instead by other inhibitory factors. Second, the decreased microRNAs may be modulated by distant NRSF complexes, because previous studies have demonstrated that several microRNAs are regulated by NRSF in several physiological or pathological processes of the nervous system. In the future, further studies are required to investigate the upregulation mechanism of NRSF expression and the molecular mechanism of NRSF regulation and inhibition of the transcription level and post-transcription level of target genes, as well as the roles of alternative splicing and microRNAs in NPP.
CLINICAL PROSPECTS
The abovementioned findings highlight the master role of NRSF not only in modulating neurogenesis by dynamically inhibiting neuron-specific genes expression, but also in certain brain disorders. It hence provides a potential therapeutic target for these disorders, which has attracted significant attention over the past few decades, especially regarding neurodegenerative diseases, epilepsy, and neural tumors. Here, we summarized some potential therapeutic approaches that target NRSF or its co-repressors for such disorders.
Some small molecules, such as 4SC-202 and SP2509, that target the interaction between the C-terminal domain of NRSF and CoREST have been tested (Inui et al., 2017). Such small molecules could inhibit the deacetylase and demethylase activity of the NRSF -CoREST complex in MB cells and negatively affected cell viability (Inui et al., 2017). Many drugs focusing on restoring the homeostasis of NRSF, such as X5050 or REST-VP16, may be more promising candidates for NRSF-related brain diseases (Su et al., 2004; Charbord et al., 2013). X5050, a chemical compound that targets NRSF degradation, can upregulate the expression of certain neuronal genes though promoting NRSF degradation. This was demonstrated in an HD model in which treatment with X5050 increased the expressions of BDNF and several other NRSF-regulated genes by degrading increased NRSF in the nucleus (Charbord et al., 2013). REST-VP16, a competitive antagonist of NRSF, can bind to the same DNA binding site as NRSF does. However, it functions as an activator instead of a repressor and can directly activate the gene transcription suppressed by NRSF. This mechanism has been verified by both in vitro and vivo studies (Su et al., 2004). In an HD model, heat shock protein 90 (Hsp90) was reported necessary to maintain the levels of NRSF and huntingtin proteins. Inhibition or knockdown of Hsp90 reduced the levels of NRSF and mutant huntingtin in the nucleus and rescued cells from mHtt-induced cellular cytotoxicity, thus providing neuroprotective activity (Orozco-Díaz et al., 2019). These findings suggest that rescuing the aberrant expression of NRSF is a promising approach for the related central nervous system disorders. However, much work is still needed to further investigate the underlying mechanisms as well as the accompanying side effects of such drugs. As there are hundreds of targets of NRSF, it may trigger distinct cellar pathways in different neurological disorders to exert its multiple roles.
CONCLUSION
NRSF acts as a master regulator in the pathophysiological processes of the nervous system. A dynamic level of NRSF under physiological conditions is required for proper neurogenesis, while aberrant expression is associated with many brain disorders, such as neurodegenerative diseases and neural tumors. At present, the comprehensive pathogenic mechanisms and promising therapeutic targets based on NRSF remain elusive, though several NRSF-targeting compounds or mimetics are being constructed and tested in various models.
Even though NRSF may be a promising clinical biomarker and treatment target of brain disorders in the future, some major problems remain to be solved. First, though it is one of the most important transcriptional regulators in nervous system development and mediates common signaling pathways in many brain diseases, the mechanism by which NRSF itself is regulated remains unknown. Second, NRSF acts not only as an inhibitor but also an activator, which means that it may trigger distinct cellar pathways in different neurological disorders. Hence, more evidence is required to confirm the comprehensive regulatory mechanism of NRSF. In particular, even though the interaction between NRSF and microRNAs in the nervous system has been reported, the combination and molecular mechanism remain unclear, which may be a novel therapeutic target in the future.
AUTHOR CONTRIBUTIONS
X-JS: Writing- Original draft preparation, B-DS: Writing and Editing, KW: Literature review Q-XS: Literature review, XY: Literature review, D-SW: Reviewing and Editing, H-XS: Reviewing and Editing, CZ: Reviewing and Editing.
FUNDING
This work was supported by the Natural Science Foundation of China (Project No. 81870885; 81802139), and This study was also supported by the Natural Science Foundation of China (Project No. 82072418).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abrajano, J. J., Qureshi, I. A., Gokhan, S., Molero, A. E., Zheng, D., and Bergman, A. (2010). Corepressor for Element-1-Silencing Transcription Factor Preferentially Mediates Gene Networks Underlying Neural Stem Cell Fate Decisions. Proc. Natl. Acad. Sci. United States America 107, 16685–16690. doi:10.1073/pnas.0906917107
 Bahn, S., Mimmack, M., Ryan, M., Caldwell, M. A., Jauniaux, E., Starkey, M., et al. (2002). Neuronal Target Genes of the Neuron-Restrictive Silencer Factor in Neurospheres Derived from Fetuses with Down's Syndrome: A Gene Expression Study. Lancet 359(9303), 310–315. doi:10.1016/S0140-6736(02)07497-4
 Bai, G., Ren, K., and Dubner, R. (2015). Epigenetic Regulation of Persistent Pain. Translational Res. 165, 177–199. doi:10.1016/j.trsl.2014.05.012
 Bai, Y., Lathia, J. D., Zhang, P., Flavahan, W., Rich, J. N., and Mattson, M. P. (2014). Molecular Targeting of TRF2 Suppresses the Growth and Tumorigenesis of Glioblastoma Stem Cells. Glia 62, 1687–1698. doi:10.1002/glia.22708
 Bautista-Sánchez, D., Arriaga-Canon, C., Pedroza-Torres, A., De La Rosa-Velázquez, I. A., González-Barrios, R., Contreras-Espinosa, L., et al. (2020). The Promising Role of miR-21 as a Cancer Biomarker and its Importance in RNA-Based Therapeutics. Mol. Ther. Nucleic Acids 20, 409–420. doi:10.1016/j.omtn.2020.03.003
 Bergsland, M., Covacu, R., Perez Estrada, C., Svensson, M., and Brundin, L. (2014). Nitric Oxide-Induced Neuronal to Glial Lineage Fate-Change Depends on NRSF/REST Function in Neural Progenitor Cells. Stem cells (Dayton, Ohio) 32, 2539–2549. doi:10.1002/stem.1749
 Bessis, A., Champtiaux, N., Chatelin, L., and Changeux, J. P. (1997). The Neuron-Restrictive Silencer Element: a Dual Enhancer/silencer Crucial for Patterned Expression of a Nicotinic Receptor Gene in the Brain. Proc. Natl. Acad. Sci. United States America 94, 5906–5911. doi:10.1073/pnas.94.11.5906
 Bhere, D., Arghiani, N., Lechtich, E. R., Yao, Y., Alsaab, S., Bei, F., et al. (2020). Simultaneous Downregulation of miR-21 and Upregulation of miR-7 Has Anti-tumor Efficacy. Scientific Rep. 10, 1779. doi:10.1038/s41598-020-58072-w
 Brennan, G. P., Dey, D., Chen, Y., Patterson, K. P., Magnetta, E. J., Hall, A. M., et al. (2016). Dual and Opposing Roles of MicroRNA-124 in Epilepsy Are Mediated through Inflammatory and NRSF-dependent Gene Networks. Cel Rep. 14, 2402–2412. doi:10.1016/j.celrep.2016.02.042
 Bruce, A. W., Donaldson, I. J., Wood, I. C., Yerbury, S. A., Sadowski, M. I., Chapman, M., et al. (2004). Genome-wide Analysis of Repressor Element 1 Silencing Transcription Factor/neuron-Restrictive Silencing Factor (REST/NRSF) Target Genes. Proc. Natl. Acad. Sci. United States America 101, 10458–10463. doi:10.1073/pnas.0401827101
 Buckley, N. J., Johnson, R., Sun, Y. M., and Stanton, L. W. (2009). Is REST a Regulator of Pluripotency. Nature 457, E5–E6. doi:10.1038/nature07784
 Cai, L., Bian, M., Liu, M., Sheng, Z., Suo, H., Wang, Z., et al. (2011). Ethanol-induced Neurodegeneration in NRSF/REST Neuronal Conditional Knockout Mice. Neuroscience 181, 196–205. doi:10.1016/j.neuroscience.2011.02.059
 Calderone, A., Jover, T., Noh, K. M., Tanaka, H., Yokota, H., Lin, Y., et al. (2003). Ischemic insults derepress the gene silencer REST in neurons destined to die. J. Neurosci. 23, 2112–2121. doi:10.1523/JNEUROSCI.23-06-02112.2003
 Canzonetta, C., Mulligan, C., Deutsch, S., Ruf, S., O'Doherty, A., Lyle, R., et al. (2008). DYRK1A-dosage Imbalance Perturbs NRSF/REST Levels, Deregulating Pluripotency and Embryonic Stem Cell Fate in Down Syndrome. Am. J. Hum. Genet. 83, 388–400. doi:10.1016/j.ajhg.2008.08.012
 Charbord, J., Poydenot, P., Bonnefond, C., Feyeux, M., Casagrande, F., Brinon, B., et al. (2013). High Throughput Screening for Inhibitors of REST in Neural Derivatives of Human Embryonic Stem Cells Reveals a Chemical Compound that Promotes Expression of Neuronal Genes. Stem cells (Dayton, Ohio) 31, 1816–1828. doi:10.1002/stem.1430
 Chen, G. L., and Miller, G. M. (2013). Extensive Alternative Splicing of the Repressor Element Silencing Transcription Factor Linked to Cancer. PloS one 8, e62217. doi:10.1371/journal.pone.0062217
 Chen, H. P., Zhou, W., Kang, L. M., Yan, H., Zhang, L., Xu, B. H., et al. (2014). Intrathecal miR-96 Inhibits Nav1.3 Expression and Alleviates Neuropathic Pain in Rat Following Chronic Construction Injury. Neurochem. Res. 39, 76–83. doi:10.1007/s11064-013-1192-z
 Chen, W. G., Chang, Q., Lin, Y., Meissner, A., West, A. E., Griffith, E. C., et al. (2003). Derepression of BDNF Transcription Involves Calcium-dependent Phosphorylation of MeCP2. Science (New York, N.Y.) 302, 885–889. doi:10.1126/science.1086446
 Chen, Z. F., Paquette, A. J., and Anderson, D. J. (1998). NRSF/REST Is Required In Vivo for Repression of Multiple Neuronal Target Genes during Embryogenesis. Nat. Genet. 20, 136–142. doi:10.1038/2431
 Chong, J. A., Tapia-Ramírez, J., Kim, S., Toledo-Aral, J. J., Zheng, Y., Boutros, M. C., et al. (1995). REST: a Mammalian Silencer Protein that Restricts Sodium Channel Gene Expression to Neurons. Cell 80, 949–957. doi:10.1016/0092-8674(95)90298-8
 Conaco, C., Otto, S., Han, J. J., and Mandel, G. (2006). Reciprocal Actions of REST and a microRNA Promote Neuronal Identity. Proc. Natl. Acad. Sci. United States America 103, 2422–2427. doi:10.1073/pnas.0511041103
 Conti, L., Crisafulli, L., Caldera, V., Tortoreto, M., Brilli, E., Conforti, P., et al. (2012). REST Controls Self-Renewal and Tumorigenic Competence of Human Glioblastoma Cells. PloS one 7, e38486. doi:10.1371/journal.pone.0038486
 Coulson, J. M., Edgson, J. L., Woll, P. J., and Quinn, J. P. (2000). A Splice Variant of the Neuron-Restrictive Silencer Factor Repressor Is Expressed in Small Cell Lung Cancer: a Potential Role in Derepression of Neuroendocrine Genes and a Useful Clinical Marker. Cancer Res. 60, 1840–1844.
 D'Aiuto, L., Zhi, Y., Kumar Das, D., Wilcox, M. R., Johnson, J. W., McClain, L., et al. (2014). Large-scale Generation of Human iPSC-Derived Neural Stem Cells/early Neural Progenitor Cells and Their Neuronal Differentiation. Organogenesis 10, 365–377. doi:10.1080/15476278.2015.1011921
 D'Alessandro, R., Klajn, A., and Meldolesi, J. (2009). Expression of Dense-Core Vesicles and of Their Exocytosis Are Governed by the Repressive Transcription Factor NRSF/REST. Ann. New York Acad. Sci. 1152, 194–200. doi:10.1111/j.1749-6632.2008.03988.x
 Das, C. M., Taylor, P., Gireud, M., Singh, A., Lee, D., Fuller, G., et al. (2013). The Deubiquitylase USP37 Links REST to the Control of P27 Stability and Cell Proliferation. Oncogene 32, 1691–1701. doi:10.1038/onc.2012.182
 Descalzi, G., Ikegami, D., Ushijima, T., Nestler, E. J., Zachariou, V., and Narita, M. (2015). Epigenetic Mechanisms of Chronic Pain. Trends Neurosciences 38, 237–246. doi:10.1016/j.tins.2015.02.001
 Ding, N., Tomomori-Sato, C., Sato, S., Conaway, R. C., Conaway, J. W., and Boyer, T. G. (2009). MED19 and MED26 Are Synergistic Functional Targets of the RE1 Silencing Transcription Factor in Epigenetic Silencing of Neuronal Gene Expression. J. Biol. Chem. 284, 2648–2656. doi:10.1074/jbc.M806514200
 Du, X., Zhang, Y., Jo, S. R., Liu, X., Qi, Y., Osborne, B., et al. (2015). Akt Activation Increases Cellular Cholesterol by Promoting the Proteasomal Degradation of Niemann-Pick C1. Biochem. J. 471, 243–253. doi:10.1042/BJ20150602
 Ekici, M., Hohl, M., Schuit, F., Martínez-Serrano, A., and Thiel, G. (2008). Transcription of Genes Encoding Synaptic Vesicle Proteins in Human Neural Stem Cells: Chromatin Accessibility, Histone Methylation Pattern, and the Essential Role of Rest. J. Biol. Chem. 283, 9257–9268. doi:10.1074/jbc.M709388200
 Ekici, M., Keim, A., Rössler, O. G., Hohl, M., and Thiel, G. (2012). Chromatin Structure and Expression of the AMPA Receptor Subunit Glur2 in Human Glioma Cells: Major Regulatory Role of REST and Sp1. J. Cell. Biochem. 113, 528–543. doi:10.1002/jcb.23376
 Ferrante, R. J., Ryu, H., Kubilus, J. K., D'Mello, S., Sugars, K. L., Lee, J., et al. (2004). Chemotherapy for the Brain: the Antitumor Antibiotic Mithramycin Prolongs Survival in a Mouse Model of Huntington's Disease. J. Neurosci. 24 (46), 10335–10342. doi:10.1523/JNEUROSCI.2599-04.2004
 Finnerup, N. B., Kuner, R., and Jensen, T. S. (2021). Neuropathic Pain: From Mechanisms to Treatment. Physiol. Rev. 101, 259–301. doi:10.1152/physrev.00045.2019
 Formisano, L., Guida, N., Valsecchi, V., Cantile, M., Cuomo, O., Vinciguerra, A., et al. (2015). Sp3/REST/HDAC1/HDAC2 Complex Represses and Sp1/HIF-1/p300 Complex Activates Ncx1 Gene Transcription, in Brain Ischemia and in Ischemic Brain Preconditioning, by Epigenetic Mechanism. J. Neurosci. 35, 7332–7348. doi:10.1523/jneurosci.2174-14.2015
 Formisano, L., Noh, K. M., Miyawaki, T., Mashiko, T., Bennett, M. V., and Zukin, R. S. (2007). Ischemic Insults Promote Epigenetic Reprogramming of Mu Opioid Receptor Expression in Hippocampal Neurons. Proc. Natl. Acad. Sci. United States America 104, 4170–4175. doi:10.1073/pnas.0611704104
 Fu, C., Li, D., Zhang, X., Liu, N., Chi, G., and Jin, X. (2018). LncRNA PVT1 Facilitates Tumorigenesis and Progression of Glioma via Regulation of MiR-128-3p/GREM1 Axis and BMP Signaling Pathway. Neurotherapeutics. 15, 1139–1157. doi:10.1007/s13311-018-0649-9
 Fuller, G. N., Su, X., Price, R. E., Cohen, Z. R., Lang, F. F., Sawaya, R., et al. (2005). Many Human Medulloblastoma Tumors Overexpress Repressor Element-1 Silencing Transcription (REST)/neuron-restrictive Silencer Factor, Which Can Be Functionally Countered by REST-VP16. Mol. Cancer Ther. 4, 343–349. doi:10.1158/1535-7163.MCT-04-0228
 Gao, Z., Ure, K., Ding, P., Nashaat, M., Yuan, L., Ma, J., et al. (2011). The Master Negative Regulator REST/NRSF Controls Adult Neurogenesis by Restraining the Neurogenic Program in Quiescent Stem Cells. J. Neurosci. 31, 9772–9786. doi:10.1523/JNEUROSCI.1604-11.2011
 Gardian, G., Browne, S. E., Choi, D. K., Klivenyi, P., Gregorio, J., Kubilus, J. K., et al. (2005). Neuroprotective Effects of Phenylbutyrate in the N171-82Q Transgenic Mouse Model of Huntington's Disease. J. Biol. Chem. 280, 556–563. doi:10.1074/jbc.M410210200
 Géranton, S. M., Morenilla-Palao, C., and Hunt, S. P. (2007). A Role for Transcriptional Repressor Methyl-CpG-Binding Protein 2 and Plasticity-Related Gene Serum- and Glucocorticoid-Inducible Kinase 1 in the Induction of Inflammatory Pain States. J. Neurosci. 27, 6163–6173. doi:10.1523/JNEUROSCI.1306-07.2007
 Gillies, S., Haddley, K., Vasiliou, S., Bubb, V. J., and Quinn, J. P. (2009). The Human Neurokinin B Gene, TAC3, and its Promoter Are Regulated by Neuron Restrictive Silencing Factor (NRSF) Transcription Factor Family. Neuropeptides 43, 333–340. doi:10.1016/j.npep.2009.05.004
 Greco, S. J., Smirnov, S. V., Murthy, R. G., and Rameshwar, P. (2007). Synergy between the RE-1 Silencer of Transcription and NFkappaB in the Repression of the Neurotransmitter Gene TAC1 in Human Mesenchymal Stem Cells. J. Biol. Chem. 282, 30039–30050. doi:10.1074/jbc.M703026200
 Guiretti, D., Sempere, A., Lopez-Atalaya, J. P., Ferrer-Montiel, A., Barco, A., and Valor, L. M. (2016). Specific Promoter Deacetylation of Histone H3 Is Conserved across Mouse Models of Huntington's Disease in the Absence of Bulk Changes. Neurobiol. Dis. 89, 190–201. doi:10.1016/j.nbd.2016.02.004
 Gupta, S. K., Gressens, P., and Mani, S. (2009). NRSF Downregulation Induces Neuronal Differentiation in Mouse Embryonic Stem Cells. Differentiation 77(1), 19–28. doi:10.1016/j.diff.2008.09.001
 Henriksson, R., Bäckman, C. M., Harvey, B. K., Kadyrova, H., Bazov, I., Shippenberg, T. S., et al. (2014). PDYN, a Gene Implicated in Brain/mental Disorders, Is Targeted by REST in the Adult Human Brain. Biochim. Biophys. Acta 1839, 1226–1232. doi:10.1016/j.bbagrm.2014.09.001
 Huang, W., Zhong, Z., Luo, C., Xiao, Y., Li, L., Zhang, X., et al. (2019). The miR-26a/AP-2α/Nanog Signaling axis Mediates Stem Cell Self-Renewal and Temozolomide Resistance in Glioma. Theranostics 9, 5497–5516. doi:10.7150/thno.33800
 Huang, Z., and Bao, S. (2012). Ubiquitination and Deubiquitination of REST and its Roles in Cancers. FEBS Lett. 586, 1602–1605. doi:10.1016/j.febslet.2012.04.052
 Hwang, J. Y., Kaneko, N., Noh, K. M., Pontarelli, F., and Zukin, R. S. (2014). The gene silencing transcription factor REST represses miR-132 expression in hippocampal neurons destined to die. J. Mol. Biol. 426, 3454–3466. doi:10.1016/j.jmb.2014.07.032
 Hwang, J. Y., and Zukin, R. S. (2018). REST, a Master Transcriptional Regulator in Neurodegenerative Disease. Curr. Opin. Neurobiol. 48, 193–200. doi:10.1016/j.conb.2017.12.008
 Immaneni, A., Lawinger, P., Zhao, Z., Lu, W., Rastelli, L., Morris, J. H., et al. (2000). REST-VP16 Activates Multiple Neuronal Differentiation Genes in Human NT2 Cells. Nucleic Acids Res. 28, 3403–3410. doi:10.1093/nar/28.17.3403
 Inui, K., Zhao, Z., Yuan, J., Jayaprakash, S., Le, L., Drakulic, S., et al. (2017). Stepwise Assembly of Functional C-Terminal REST/NRSF Transcriptional Repressor Complexes as a Drug Target. Protein Science. a Publ. Protein Soc. 26, 997–1011. doi:10.1002/pro.3142
 Johnson, R., Richter, N., Jauch, R., Gaughwin, P. M., Zuccato, C., Cattaneo, E., et al. (2010). Human Accelerated Region 1 Noncoding RNA Is Repressed by REST in Huntington's Disease. Physiol. genomics 41, 269–274. doi:10.1152/physiolgenomics.00019.2010
 Jørgensen, H. F., Terry, A., Beretta, C., Pereira, C. F., Leleu, M., Chen, Z. F., et al. (2009). REST Selectively Represses a Subset of RE1-Containing Neuronal Genes in Mouse Embryonic Stem Cells. Development (Cambridge, England) 136, 715–721. doi:10.1242/dev.028548
 Kaneko, N., Hwang, J. Y., Gertner, M., Pontarelli, F., and Zukin, R. S. (2014). Casein Kinase 1 Suppresses Activation of REST in Insulted Hippocampal Neurons and Halts Ischemia-Induced Neuronal Death. J. Neurosci. 34, 6030–6039. doi:10.1523/JNEUROSCI.4045-13.2014
 Kawamura, M., Sato, S., Matsumoto, G., Fukuda, T., Shiba-Fukushima, K., Noda, S., et al. (2019). Loss of Nuclear REST/NRSF in Aged-Dopaminergic Neurons in Parkinson's Disease Patients. Neurosci. Lett. 699, 59–63. doi:10.1016/j.neulet.2019.01.042
 Khoshnan, A., and Patterson, P. H. (2012). Elevated IKKα Accelerates the Differentiation of Human Neuronal Progenitor Cells and Induces MeCP2-dependent BDNF Expression. PloS one 7, e41794. doi:10.1371/journal.pone.0041794
 Kim, C. S., Hwang, C. K., Choi, H. S., Song, K. Y., Law, P. Y., Wei, L. N., et al. (2004). Neuron-restrictive Silencer Factor (NRSF) Functions as a Repressor in Neuronal Cells to Regulate the Mu Opioid Receptor Gene. J. Biol. Chem. 279, 46464–46473. doi:10.1074/jbc.M403633200
 Kim, M. Y., Jeong, B. C., Lee, J. H., Kee, H. J., Kook, H., Kim, N. S., et al. (2006a). A Repressor Complex, AP4 Transcription Factor and Geminin, Negatively Regulates Expression of Target Genes in Nonneuronal Cells. Proc. Natl. Acad. Sci. United States America 103, 13074–13079. doi:10.1073/pnas.0601915103
 Kim, S. J., Lee, B. H., Lee, Y. S., and Kang, K. S. (2007). Defective Cholesterol Traffic and Neuronal Differentiation in Neural Stem Cells of Niemann-Pick Type C Disease Improved by Valproic Acid, a Histone Deacetylase Inhibitor. Biochem. biophysical Res. Commun. 360, 593–599. doi:10.1016/j.bbrc.2007.06.116
 Kim, S. M., Yang, J. W., Park, M. J., Lee, J. K., Kim, S. U., Lee, Y. S., et al. (2006b). Regulation of Human Tyrosine Hydroxylase Gene by Neuron-Restrictive Silencer Factor. Biochem. biophysical Res. Commun. 346, 426–435. doi:10.1016/j.bbrc.2006.05.142
 Kohyama, J., Sanosaka, T., Tokunaga, A., Takatsuka, E., Tsujimura, K., Okano, H., et al. (2010). BMP-induced REST Regulates the Establishment and Maintenance of Astrocytic Identity. J. Cel. Biol. 189, 159–170. doi:10.1083/jcb.200908048
 Kraner, S. D., Chong, J. A., Tsay, H. J., and Mandel, G. (1992). Silencing the Type II Sodium Channel Gene: a Model for Neural-specific Gene Regulation. Neuron 9, 37–44. doi:10.1016/0896-6273(92)90218-3
 Kurita, J. I., Hirao, Y., Nakano, H., Fukunishi, Y., and Nishimura, Y. (2018). Sertraline, Chlorprothixene, and Chlorpromazine Characteristically Interact with the REST-Binding Site of the Corepressor mSin3, Showing Medulloblastoma Cell Growth Inhibitory Activities. Scientific Rep. 8, 13763. doi:10.1038/s41598-018-31852-1
 Kuwabara, T., Hsieh, J., Nakashima, K., Taira, K., and Gage, F. H. (2004). A Small Modulatory dsRNA Specifies the Fate of Adult Neural Stem Cells. Cell 116, 779–793. doi:10.1016/s0092-8674(04)00248-x
 Lakowski, B., Roelens, I., and Jacob, S. (2006). CoREST-like Complexes Regulate Chromatin Modification and Neuronal Gene Expression. J. Mol. Neurosci. : MN 29, 227–239. doi:10.1385/jmn:29:3:227
 Laneve, P., Gioia, U., Andriotto, A., Moretti, F., Bozzoni, I., and Caffarelli, E. (2010). A Minicircuitry Involving REST and CREB Controls miR-9-2 Expression during Human Neuronal Differentiation. Nucleic Acids Res. 38, 6895–6905. doi:10.1093/nar/gkq604
 Lawinger, P., Venugopal, R., Guo, Z. S., Immaneni, A., Sengupta, D., Lu, W., et al. (2000). The Neuronal Repressor REST/NRSF Is an Essential Regulator in Medulloblastoma Cells. Nat. Med. 6, 826–831. doi:10.1038/77565
 Lepagnol-Bestel, A. M., Zvara, A., Maussion, G., Quignon, F., Ngimbous, B., Ramoz, N., et al. (2009). DYRK1A Interacts with the REST/NRSF-SWI/SNF Chromatin Remodelling Complex to Deregulate Gene Clusters Involved in the Neuronal Phenotypic Traits of Down Syndrome. Hum. Mol. Genet. 18, 1405–1414. doi:10.1093/hmg/ddp047
 Li, C., Wang, Z., Tang, X., Zeng, L., Fan, X., and Li, Z. (2017). Molecular Mechanisms and Potential Prognostic Effects of REST and REST4 in Glioma (Review). Mol. Med. Rep. 16, 3707–3712. doi:10.3892/mmr.2017.7071
 Lu, T., Aron, L., Zullo, J., Pan, Y., Kim, H., Chen, Y., et al. (2014). REST and Stress Resistance in Ageing and Alzheimer's Disease. Nature 507, 448–454. doi:10.1038/nature13163
 Luo, P., Fu, X., Chang, M., Zhang, L., and Guo, L. (2020). Cerebral Ischemia-Reperfusion Causes a Down Regulation of HCN1 Expression via Enhancing the Nuclear NRSF-HDAC4 Gathering that Contributes to Neuron Damage. Brain Res. Bull. 156, 50–57. doi:10.1016/j.brainresbull.2020.01.001
 McClelland, S., Brennan, G. P., Dubé, C., Rajpara, S., Iyer, S., Richichi, C., et al. (2014). The Transcription Factor NRSF Contributes to Epileptogenesis by Selective Repression of a Subset of Target Genes. eLife 3, e01267. doi:10.7554/eLife.01267
 McClelland, S., Flynn, C., Dubé, C., Richichi, C., Zha, Q., Ghestem, A., et al. (2011). Neuron-restrictive Silencer Factor-Mediated Hyperpolarization-Activated Cyclic Nucleotide Gated Channelopathy in Experimental Temporal Lobe Epilepsy. Ann. Neurol. 70, 454–464. doi:10.1002/ana.22479
 Mulligan, P., Westbrook, T. F., Ottinger, M., Pavlova, N., Chang, B., Macia, E., et al. (2008). CDYL Bridges REST and Histone Methyltransferases for Gene Repression and Suppression of Cellular Transformation. Mol. Cel. 32, 718–726. doi:10.1016/j.molcel.2008.10.025
 Naruse, Y., Aoki, T., Kojima, T., and Mori, N. (1999). Neural Restrictive Silencer Factor Recruits mSin3 and Histone Deacetylase Complex to Repress Neuron-specific Target Genes. Proc. Natl. Acad. Sci. United States America 96, 13691–13696. doi:10.1073/pnas.96.24.13691
 Ni, J., Gao, Y., Gong, S., Guo, S., Hisamitsu, T., and Jiang, X. (2013). Regulation of μ-opioid Type 1 Receptors by microRNA134 in Dorsal Root Ganglion Neurons Following Peripheral Inflammation. Eur. J. pain (London, England) 17, 313–323. doi:10.1002/j.1532-2149.2012.00197.x
 Nishihara, S., Tsuda, L., and Ogura, T. (2003). The Canonical Wnt Pathway Directly Regulates NRSF/REST Expression in Chick Spinal Cord. Biochem. biophysical Res. Commun. 311, 55–63. doi:10.1016/j.bbrc.2003.09.158
 Ohnuki, T., Nakamura, A., Okuyama, S., and Nakamura, S. (2010). Gene Expression Profiling in Progressively MPTP-Lesioned Macaques Reveals Molecular Pathways Associated with Sporadic Parkinson's Disease. Brain Res. 1346, 26–42. doi:10.1016/j.brainres.2010.05.066
 Olguín, P., Oteíza, P., Gamboa, E., Gómez-Skármeta, J. L., and Kukuljan, M. (2006). RE-1 Silencer of Transcription/neural Restrictive Silencer Factor Modulates Ectodermal Patterning during Xenopus Development. J. Neurosci. 26, 2820–2829. doi:10.1523/JNEUROSCI.5037-05.2006
 Ooi, L., and Wood, I. C. (2007). Chromatin Crosstalk in Development and Disease: Lessons from REST. Nat. Rev. Genet. 8, 544–554. doi:10.1038/nrg2100
 Orozco-Díaz, R., Sánchez-Álvarez, A., Hernández-Hernández, J. M., and Tapia-Ramírez, J. (2019). The Interaction between RE1-Silencing Transcription Factor (REST) and Heat Shock Protein 90 as New Therapeutic Target against Huntington's Disease. PloS one 14, e0220393. doi:10.1371/journal.pone.0220393
 Otto, S. J., McCorkle, S. R., Hover, J., Conaco, C., Han, J.-J., Impey, S., et al. (2007). A New Binding Motif for the Transcriptional Repressor REST Uncovers Large Gene Networks Devoted to Neuronal Functions. J. Neurosci. 27 (25), 6729–6739. doi:10.1523/JNEUROSCI.0091-07.2007
 Packer, A. N., Xing, Y., Harper, S. Q., Jones, L., and Davidson, B. L. (2008). The Bifunctional microRNA miR-9/miR-9* Regulates REST and CoREST and Is Downregulated in Huntington's Disease. J. Neurosci. 28, 14341–14346. doi:10.1523/JNEUROSCI.2390-08.2008
 Palm, K., Belluardo, N., Metsis, M., and Timmusk, T. (1998). Neuronal Expression of Zinc finger Transcription Factor REST/NRSF/XBR Gene. J. Neurosci. 18, 1280–1296. doi:10.1523/JNEUROSCI.18-04-01280.1998
 Perkins, J. R., Antunes-Martins, A., Calvo, M., Grist, J., Rust, W., Schmid, R., et al. (2014). A Comparison of RNA-Seq and Exon Arrays for Whole Genome Transcription Profiling of the L5 Spinal Nerve Transection Model of Neuropathic Pain in the Rat. Mol. pain 10, 7. doi:10.1186/1744-8069-10-7
 Pogoda, A., Chmielewska, N., Maciejak, P., and Szyndler, J. (2021). Transcriptional Dysregulation in Huntington's Disease: The Role in Pathogenesis and Potency for Pharmacological Targeting. Curr. Med. Chem. 28, 2783–2806. doi:10.2174/0929867327666200705225821
 Raj, B., O'Hanlon, D., Vessey, J. P., Pan, Q., Ray, D., Buckley, N. J., et al. (2011). Cross-regulation between an Alternative Splicing Activator and a Transcription Repressor Controls Neurogenesis. Mol. Cel. 43 (5), 843–850. doi:10.1016/j.molcel.2011.08.014
 Reifenberger, G., Wirsching, H. G., Knobbe-Thomsen, C. B., and Weller, M. (2017). Advances in the Molecular Genetics of Gliomas - Implications for Classification and Therapy. Nat. Rev. Clin. Oncol. 14, 434–452. doi:10.1038/nrclinonc.2016.204
 Ren, H., Gao, Z., Wu, N., Zeng, L., Tang, X., Chen, X., et al. (2015). Expression of REST4 in Human Gliomas In Vivo and Influence of Pioglitazone on REST In Vitro. Biochem. biophysical Res. Commun. 463, 504–509. doi:10.1016/j.bbrc.2015.05.058
 Rezaei, O., Honarmand, K., Nateghinia, S., Taheri, M., and Ghafouri-Fard, S. (2020). miRNA Signature in Glioblastoma: Potential Biomarkers and Therapeutic Targets. Exp. Mol. Pathol. 117, 104550. doi:10.1016/j.yexmp.2020.104550
 Rockowitz, S., Lien, W. H., Pedrosa, E., Wei, G., Lin, M., Zhao, K., et al. (2014). Comparison of REST Cistromes across Human Cell Types Reveals Common and Context-specific Functions. PLoS Comput. Biol. 10, e1003671. doi:10.1371/journal.pcbi.1003671
 Roopra, A., Qazi, R., Schoenike, B., Daley, T. J., and Morrison, J. F. (2004). Localized Domains of G9a-Mediated Histone Methylation Are Required for Silencing of Neuronal Genes. Mol. Cel. 14, 727–738. doi:10.1016/j.molcel.2004.05.026
 Sakai, A., Saitow, F., Miyake, N., Miyake, K., Shimada, T., and Suzuki, H. (2013). miR-7a Alleviates the Maintenance of Neuropathic Pain through Regulation of Neuronal Excitability. Brain. 136, 2738–2750. doi:10.1093/brain/awt191
 Schoenherr, C. J., and Anderson, D. J. (1995a). Silencing Is golden: Negative Regulation in the Control of Neuronal Gene Transcription. Curr. Opin. Neurobiol. 5, 566–571. doi:10.1016/0959-4388(95)80060-3
 Schoenherr, C. J., and Anderson, D. J. (1995b). The Neuron-Restrictive Silencer Factor (NRSF): a Coordinate Repressor of Multiple Neuron-specific Genes. Science (New York, N.Y.) 267, 1360–1363. doi:10.1126/science.7871435
 Shaik, S., Maegawa, S., Haltom, A. R., Wang, F., Xiao, X., Dobson, T., et al. (2021). REST Promotes ETS1-dependent Vascular Growth in Medulloblastoma. Mol. Oncol. 15, 1486–1506. doi:10.1002/1878-0261.12903
 Shi, Y., Sawada, J., Sui, G., Affar el, B., Whetstine, J. R., Lan, F., et al. (2003). Coordinated Histone Modifications Mediated by a CtBP Co-repressor Complex. Nature 422, 735–738. doi:10.1038/nature01550
 Shimojo, M. (2008). Huntingtin Regulates RE1-Silencing Transcription Factor/neuron-Restrictive Silencer Factor (REST/NRSF) Nuclear Trafficking Indirectly through a Complex with REST/NRSF-interacting LIM Domain Protein (RILP) and Dynactin P150 Glued. J. Biol. Chem. 283, 34880–34886. doi:10.1074/jbc.M804183200
 Shimojo, M., and Hersh, L. B. (2006). Characterization of the REST/NRSF-interacting LIM Domain Protein (RILP): Localization and Interaction with REST/NRSF. J. Neurochem. 96, 1130–1138. doi:10.1111/j.1471-4159.2005.03608.x
 Singh, S. K., Kagalwala, M. N., Parker-Thornburg, J., Adams, H., and Majumder, S. (2008). REST Maintains Self-Renewal and Pluripotency of Embryonic Stem Cells. Nature 453, 223–227. doi:10.1038/nature06863
 Singh, S. K., Veo, B. L., Kagalwala, M. N., Shi, W., Liang, S., and Majumder, S. (2012). Dynamic Status of REST in the Mouse ESC Pluripotency Network. PloS one 7, e43659. doi:10.1371/journal.pone.0043659
 Soldati, C., Bithell, A., Conforti, P., Cattaneo, E., and Buckley, N. J. (2011). Rescue of Gene Expression by Modified REST Decoy Oligonucleotides in a Cellular Model of Huntington's Disease. J. Neurochem. 116, 415–425. doi:10.1111/j.1471-4159.2010.07122.x
 Soldati, C., Bithell, A., Johnston, C., Wong, K. Y., Teng, S. W., Beglopoulos, V., et al. (2012). Repressor Element 1 Silencing Transcription Factor Couples Loss of Pluripotency with Neural Induction and Neural Differentiation. Stem cells (Dayton, Ohio) 30, 425–434. doi:10.1002/stem.1004
 Song, Z., Zhao, D., Zhao, H., and Yang, L. (2015). NRSF: an Angel or a Devil in Neurogenesis and Neurological Diseases. J. Mol. Neurosci. : MN 56, 131–144. doi:10.1007/s12031-014-0474-5
 Stakaitis, R., Pranckeviciene, A., Steponaitis, G., Tamasauskas, A., Bunevicius, A., and Vaitkiene, P. (2020). Unique Interplay between Molecular miR-181b/d Biomarkers and Health Related Quality of Life Score in the Predictive Glioma Models. Int. J. Mol. Sci. 21, 7450. doi:10.3390/ijms21207450
 Su, X., Kameoka, S., Lentz, S., and Majumder, S. (2004). Activation of REST/NRSF Target Genes in Neural Stem Cells Is Sufficient to Cause Neuronal Differentiation. Mol. Cell. Biol. 24, 8018–8025. doi:10.1128/MCB.24.18.8018-8025.2004
 Sun, Y. M., Greenway, D. J., Johnson, R., Street, M., Belyaev, N. D., Deuchars, J., et al. (2005). Distinct Profiles of REST Interactions with its Target Genes at Different Stages of Neuronal Development. Mol. Biol. Cel. 16, 5630–5638. doi:10.1091/mbc.e05-07-0687
 Tabuchi, A., Yamada, T., Sasagawa, S., Naruse, Y., Mori, N., and Tsuda, M. (2002). REST4-mediated Modulation of REST/NRSF-silencing Function during BDNF Gene Promoter Activation. Biochem. biophysical Res. Commun. 290, 415–420. doi:10.1006/bbrc.2001.6194
 Tan, Y. P., Li, S., Jiang, X. J., Loh, W., Foo, Y. K., Loh, C. B., et al. (2010). Regulation of Protocadherin Gene Expression by Multiple Neuron-Restrictive Silencer Elements Scattered in the Gene Cluster. Nucleic Acids Res. 38, 4985–4997. doi:10.1093/nar/gkq246
 Tateno, M., and Saito, T. (2008). Biological Studies on Alcohol-Induced Neuronal Damage. Psychiatry Invest. 5, 21–27. doi:10.4306/pi.2008.5.1.21
 Tateno, M., Ukai, W., Hashimoto, E., Ikeda, H., and Saito, T. (2006). Implication of Increased NRSF/REST Binding Activity in the Mechanism of Ethanol Inhibition of Neuronal Differentiation. J. Neural Transm. 113, 283–293. doi:10.1007/s00702-005-0320-6
 Taylor, P., Fangusaro, J., Rajaram, V., Goldman, S., Helenowski, I. B., MacDonald, T., et al. (2012). REST Is a Novel Prognostic Factor and Therapeutic Target for Medulloblastoma. Mol. Cancer Ther. 11, 1713–1723. doi:10.1158/1535-7163.MCT-11-0990
 Thiel, G., Lietz, M., and Cramer, M. (1998). Biological Activity and Modular Structure of RE-1-silencing Transcription Factor (REST), a Repressor of Neuronal Genes. J. Biol. Chem. 273, 26891–26899. doi:10.1074/jbc.273.41.26891
 Tivnan, A., Zhao, J., Johns, T. G., Day, B. W., Stringer, B. W., Boyd, A. W., et al. (2014). The Tumor Suppressor microRNA, miR-124a, Is Regulated by Epigenetic Silencing and by the Transcriptional Factor, REST in Glioblastoma. Tumour Biology :. J. Int. Soc. Oncodevelopmental Biol. Med. 35, 1459–1465. doi:10.1007/s13277-013-1200-6
 Uchida, H., Ma, L., and Ueda, H. (2010a). Epigenetic Gene Silencing Underlies C-Fiber Dysfunctions in Neuropathic Pain. J. Neurosci. 30, 4806–4814. doi:10.1523/JNEUROSCI.5541-09.2010
 Uchida, H., Sasaki, K., Ma, L., and Ueda, H. (2010b). Neuron-restrictive Silencer Factor Causes Epigenetic Silencing of Kv4.3 Gene after Peripheral Nerve Injury. Neuroscience 166, 1–4. doi:10.1016/j.neuroscience.2009.12.021
 Ueda, H., Kurita, J. I., Neyama, H., Hirao, Y., Kouji, H., Mishina, T., et al. (2017). A Mimetic of the mSin3-Binding helix of NRSF/REST Ameliorates Abnormal Pain Behavior in Chronic Pain Models. Bioorg. Med. Chem. Lett. 27, 4705–4709. doi:10.1016/j.bmcl.2017.09.006
 Valouev, A., Johnson, D. S., Sundquist, A., Medina, C., Anton, E., Batzoglou, S., et al. (2008). Genome-wide Analysis of Transcription Factor Binding Sites Based on ChIP-Seq Data. Nat. Methods 5, 829–834. doi:10.1038/nmeth.1246
 Wagoner, M. P., and Roopra, A. (2012). A REST Derived Gene Signature Stratifies Glioblastomas into Chemotherapy Resistant and Responsive Disease. BMC genomics 13, 686. doi:10.1186/1471-2164-13-686
 Wang, B., Li, B., and Si, T. (2020). Knockdown of Circ0082374 Inhibits Cell Viability, Migration, Invasion and Glycolysis in Glioma Cells by miR-326/SIRT1. Brain Res. 1748, 147108. doi:10.1016/j.brainres.2020.147108
 Wang, X., Ren, J., Wang, Z., Yao, J., and Fei, J. (2012). NRSF/REST Is Required for Gastrulation and Neurogenesis during Zebrafish Development. Acta Biochim. Biophys. Sinica 44, 385–393. doi:10.1093/abbs/gms016
 Warburton, A., Breen, G., Rujescu, D., Bubb, V. J., and Quinn, J. P. (2015). Characterization of a REST-Regulated Internal Promoter in the Schizophrenia Genome-wide Associated Gene MIR137. Schizophrenia Bull. 41, 698–707. doi:10.1093/schbul/sbu117
 Westbrook, T. F., Hu, G., Ang, X. L., Mulligan, P., Pavlova, N. N., Liang, A., et al. (2008). SCFbeta-TRCP Controls Oncogenic Transformation and Neural Differentiation through REST Degradation. Nature 452, 370–374. doi:10.1038/nature06780
 Willis, D. E., Wang, M., Brown, E., Fones, L., and Cave, J. W. (2016). Selective Repression of Gene Expression in Neuropathic Pain by the Neuron-Restrictive Silencing Factor/repressor Element-1 Silencing Transcription (NRSF/REST). Neurosci. Lett. 625, 20–25. doi:10.1016/j.neulet.2015.12.003
 Wong, P. T., McGeer, P. L., Rossor, M., and McGeer, E. G. (1982). Ornithine Aminotransferase in Huntington's Disease. Brain Res. 231, 466–471. doi:10.1016/0006-8993(82)90385-7
 Wu, J., and Xie, X. (2006). Comparative Sequence Analysis Reveals an Intricate Network Among REST, CREB and miRNA in Mediating Neuronal Gene Expression. Genome Biol. 7, R85. doi:10.1186/gb-2006-7-9-r85
 Xiao-Die, X., Xiao-Hong, W., Cheng-Feng, H., Zhong-Yu, Y., Jian-Tao, W., Hou-Guang, Z., et al. (2020). Increased NRSF/REST in Anterior Cingulate Cortex Contributes to Diabetes-Related Neuropathic Pain. Biochem. biophysical Res. Commun. 527, 785–790. doi:10.1016/j.bbrc.2020.04.106
 Yamada, Y., Aoki, H., Kunisada, T., and Hara, A. (2010). Rest Promotes the Early Differentiation of Mouse ESCs but Is Not Required for Their Maintenance. Cell stem cell 6, 10–15. doi:10.1016/j.stem.2009.12.003
 Yang, Y., Li, Y., Lv, Y., Zhang, S., Chen, L., Bai, C., et al. (2008). NRSF Silencing Induces Neuronal Differentiation of Human Mesenchymal Stem Cells. Exp. Cell Res. 314, 2257–2265. doi:10.1016/j.yexcr.2008.04.008
 Yoo, J., Jeong, M. J., Lee, S. S., Lee, K. I., Kwon, B. M., Kim, D. S., et al. (2001). The Neuron Restrictive Silencer Factor Can Act as an Activator for Dynamin I Gene Promoter Activity in Neuronal Cells. Biochem. biophysical Res. Commun. 283, 928–932. doi:10.1006/bbrc.2001.4857
 Yu, H. B., Johnson, R., Kunarso, G., and Stanton, L. W. (2011). Coassembly of REST and its Cofactors at Sites of Gene Repression in Embryonic Stem Cells. Genome Res. 21, 1284–1293. doi:10.1101/gr.114488.110
 Yu, M., Cai, L., Liang, M., Huang, Y., Gao, H., Lu, S., et al. (2009). Alteration of NRSF Expression Exacerbating 1-Methyl-4-Phenyl-Pyridinium Ion-Induced Cell Death of SH-Sy5y Cells. Neurosci. Res. 65, 236–244. doi:10.1016/j.neures.2009.07.006
 Yu, M., Suo, H., Liu, M., Cai, L., Liu, J., Huang, Y., et al. (2013). NRSF/REST Neuronal Deficient Mice Are More Vulnerable to the Neurotoxin MPTP. Neurobiol. Aging 34, 916–927. doi:10.1016/j.neurobiolaging.2012.06.002
 Zhang, J., Chen, S. R., Chen, H., and Pan, H. L. (2018). RE1-silencing Transcription Factor Controls the Acute-To-Chronic Neuropathic Pain Transition and Chrm2 Receptor Gene Expression in Primary Sensory Neurons. J. Biol. Chem. 293, 19078–19091. doi:10.1074/jbc.RA118.005846
 Zhao, Y., Zhu, M., Yu, Y., Qiu, L., Zhang, Y., He, L., et al. (2017). Brain REST/NRSF Is Not Only a Silent Repressor but Also an Active Protector. Mol. Neurobiol. 54, 541–550. doi:10.1007/s12035-015-9658-4
 Zhu, C., Tang, J., Ding, T., Chen, L., Wang, W., Mei, X. P., et al. (2017). Neuron-restrictive Silencer Factor-Mediated Downregulation of μ-opioid Receptor Contributes to the Reduced Morphine Analgesia in Bone Cancer Pain. Pain 158, 879–890. doi:10.1097/j.pain.0000000000000848
 Zuccato, C., Belyaev, N., Conforti, P., Ooi, L., Tartari, M., Papadimou, E., et al. (2007). Widespread Disruption of Repressor Element-1 Silencing Transcription Factor/neuron-Restrictive Silencer Factor Occupancy at its Target Genes in Huntington's Disease. J. Neurosci. 27, 6972–6983. doi:10.1523/JNEUROSCI.4278-06.2007
 Zuccato, C., Tartari, M., Crotti, A., Goffredo, D., Valenza, M., Conti, L., et al. (2003). Huntingtin Interacts with REST/NRSF to Modulate the Transcription of NRSE-Controlled Neuronal Genes. Nat. Genet. 35, 76–83. doi:10.1038/ng1219
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Su, Shen, Wang, Song, Yang, Wu, Shen and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Roles of the Neuron-Restrictive Silencer Factor in the Pathophysiological Process of the Central Nervous System		Introduction

		Biological Characteristics of NRSF

		Mechanism of Transcriptional Inhibition by NRSF

		NRSF and Neurogenesis

		NRSF and Brain Disorders

		NRSF and Tumorigenesis

		NRSF and Neuropathic Pain

		Clinical Prospects

		Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Roles of the Neuron-Restrictive
Silencer Factor in the
Pathophysiological Process of
the Central Nervous System





OPS/images/fcell-10-834620-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





