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Globally, traumatic brain injury (TBI) is an acute clinical event and an important cause of death and long-term disability. However, the underlying mechanism of the pathophysiological has not been fully elucidated and the lack of effective treatment a huge burden to individuals, families, and society. Several studies have shown that long non-coding RNAs (lncRNAs) might play a crucial role in TBI; they are abundant in the central nervous system (CNS) and participate in a variety of pathophysiological processes, including oxidative stress, inflammation, apoptosis, blood-brain barrier protection, angiogenesis, and neurogenesis. Some lncRNAs modulate multiple therapeutic targets after TBI, including inflammation, thus, these lncRNAs have tremendous therapeutic potential for TBI, as they are promising biomarkers for TBI diagnosis, treatment, and prognosis prediction. This review discusses the differential expression of different lncRNAs in brain tissue during TBI, which is likely related to the physiological and pathological processes involved in TBI. These findings may provide new targets for further scientific research on the molecular mechanisms of TBI and potential therapeutic interventions.
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INTRODUCTION

Traumatic Brain Injury (TBI) is the direct or indirect effect of external force on the head, causing mechanical damage to the brain tissue, and a series of secondary pathological injuries. It can have different clinical manifestations, such as changes in brain morphology, limb dysfunction (Jang and Seo, 2020), endocrine changes (Li and Sirko, 2018), abnormal blood coagulation (Albert et al., 2019), mental disorders (Pavlovic et al., 2019), and changes in consciousness. Its disability rate and death rate are the highest among limb injuries, costing hundreds of billions of dollars each year (Rubiano et al., 2015). Thus, this public health problem must be urgently solved. However, to the mechanism of secondary brain injury is complex, and remains unclear. All clinical treatment measures are aimed at reducing secondary brain injury, but their efficacy is limited.

Generally, long non-coding RNAs (lncRNAs) are non-coding RNA (ncRNA) transcripts greater than 200 nucleotides (nt) in length. These non-coding sequences were identified in the 1970s (Iyer et al., 2015; Ren et al., 2020). At present, the general understanding of evolutionary biology states that lncRNAs have no biological function and are, therefore, “junk DNA” (Chen et al., 2019). However, several studies have shown that this “junk DNA” has important biological functions. The expression of lncRNAs in the injured brain is different from that in healthy tissue, and this plays an important role in secondary injury. This has aroused the interest of scholars in the role of lncRNAs in TBI. Here, we review the inflammatory effects mediated by different lncRNAs in TBI, and discuss the mechanisms of secondary brain injury (Shao et al., 2019). Targeted lncRNA regulation or intervention of target downstream molecules are expected to improve TBI treatment and open new paths for drug development.



MECHANISM OF TRAUMATIC BRAIN INJURY

The clinical manifestation of TBI, which is caused by direct or indirect mechanical trauma to the head, varies depending on the mechanism and severity of the injury (Gaddam et al., 2015; Hiebert et al., 2015). Patients with TBI exhibit the following two types of injuries: primary injury resulting from direct traumatic damage to the brain tissue and including concussion, cerebral contusion, intracranial hematoma, and axonal injury; secondary brain injury resulting from damage to the brain microstructure following a series of pathological processes accompanying the primary brain injury, including inflammatory factor release, oxidative stress, calcium overload, impairment of mitochondrial function, ferroptosis, apoptosis, pyroptosis, and autophagy (Kaur and Sharma, 2018; Jha et al., 2019) and promoting neuronal death (Dixon, 2017).



EPIDEMIOLOGY OF TRAUMATIC BRAIN INJURY

Statistics show that more than 50 million people worldwide experience TBI every year, and about half of the global population is likely to suffer one or more TBI in their lifetime (Maas et al., 2017). TBI causes approximately 400 billion U.S. dollars in losses to the global economy every year, accounting for 0.5% of the world’s GDP (Taylor et al., 2017). The incidence of TBI in Central Europe, Eastern Europe, and Central Asia is significantly higher than that in other parts of the world. Syria is the country with the highest age-standardized incidence of TBI, followed by Slovenia and the Czech Republic (GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators, 2019b), the annual incidence of TBI in Europe is 47.3/100,000–849/100,000, and the case fatality rate is 3.3/100,000–28.1/100,000 (Brazinova et al., 2021). China is the most populous country worldwide, according to the National Bureau of Statistics of China, the total population of China exceeded 1.390 billion, which accounted for approximately 18% of the global population, in 2017 (National Bureau of Statistics of People’s Republic of China, 2018). The incidence of TBI in China is higher than that in most other countries (Maas et al., 2017). The population-based mortality rate of TBI in China is approximately 1.3/10,000 with traffic accidents contributing to the majority of the cases (Gao et al., 2020) followed by contributions from falls, violence, and other causes (Jiang et al., 2019). The poor survival and prognosis of patients with severe central nervous system (CNS) injury can be attributed to the complex and diverse pathological mechanisms in different degrees of brain injury involving multiple organs and systems, limited conservative and surgical treatment modalities, the poor therapeutic efficacy of traditional treatment (Campos-Pires et al., 2015) and expensive medical costs. Thus, TBI is a major burden to patients and their families, and society. Therefore, there is a need to develop novel and effective therapeutic strategies to increase the patient survival rate, improve prognosis, and mitigate the burden on families and society.



LONG NON-CODING RNAs

The Human Genome Project revealed that the human genome comprises more than three billion nucleotide sequences, with approximately 2% of the transcripts encoding proteins. Approximately 98% of the transcripts that do not encode proteins are called non-coding RNAs (ncRNAs) (ENCODE Project Consortium, 2012; Huang X. et al., 2018); ncRNAs can be classified into short-stranded ncRNAs (short/small ncRNAs; length < 200 nt) [such as small nuclear RNA, small nucleolar RNAs (snoRNAs), microRNAs (miRNAs), PIWI-interacting RNAs (piRNAs), small interfering RNA (siRNAs)] and long-stranded ncRNAs (>200 nt). However, this classification is not accurate because lncRNAs <200 nt have been identified. Recent studies have demonstrated that some special lncRNAs contain short open reading frames that can encode some small proteins (Chen, 2016). The ncRNA whose length is greater than 200 nt is called lncRNA. The lncRNA transcribed by RNA polymerase II, has a conserved secondary structure (Fatica and Bozzoni, 2014). Additionally, lncRNAs have specific primary and tertiary structures and are involved in various biological processes, including gene expression and regulation.


Classification of Long Non-coding RNAs

Researchers have classified lncRNAs to understand their properties (St Laurent et al., 2015).

First, ncRNAs can also be classified according to their functions as follows: (a) Constitutive or housekeeping ncRNAs [ribosomal RNA (rRNA) and transfer RNA (tRNA), and small cytoplasmic RNA]; (b) Regulatory ncRNAs [long-stranded ncRNAs (such as lncRNAs) and short-stranded ncRNAs (siRNAs, miRNA, and piRNA)].

Second, lncRNAs can be classified according to their positions relative to the protein-coding regions and messenger motifs, and their correlation with gene enhancer regulatory elements: intergenic lncRNAs, intronic lncRNA, sense lncRNA, antisense lncRNAs, and bidirectional lncRNAs (Ponting et al., 2009; Ma et al., 2013; Wang and Li, 2013).

The development of high-throughput molecular technologies, such as probe microarray (Lee and Kikyo, 2012), has increased our understanding of the lncRNA-regulated genes. The modulation of the lncRNA-regulated related genes and pathways can aid in the development of novel clinical treatment modalities.



Structure of Long Non-coding RNAs

Researchers are only now beginning to understand the diverse regulatory roles played by lncRNAs, which are distributed across the eukaryotes, such as animals, plants, yeast (Houseley et al., 2008; Swiezewski et al., 2009; Sendler et al., 2013; Shi et al., 2013), and viruses (Ma et al., 2013). Similar to other RNAs, lncRNAs exhibit a primary structure, which is determined by the nucleotide sequence and the complementary base pairing principle. The primary structure is critical for the binding of lncRNAs to the target genes to regulate their transcription or translation (Qian et al., 2019). Similar to mRNAs, most lncRNAs contain cap structures, spliceosomes, and polyadenylate tails (Mattick and Rinn, 2015). Enhancer RNAs (eRNAs) comprise a cap structure but not the spliceosome or polyadenylate tail (Miladi et al., 2019). The secondary structure of lncRNAs (also called stem-loop structure) involves a double-stranded stem formed between paired bases and an unpaired single-stranded loop. LncRNAs exhibit several secondary structures, such as the stem, hairpin loop, convex loop, inner loop, and multi-branched loop, depending on their nucleotide composition (Johnsson et al., 2014; Zampetaki et al., 2018; Singh et al., 2019). The functions of lncRNAs are dependent on their secondary structure and tertiary structure (spatial structure) (Novikova et al., 2012a). Limited studies have reported the tertiary structures of lncRNAs, which can be attributed to vast numbers, large molecular weights, poor in vitro stability, and difficulty in crystallization of lncRNAs. The understanding of the advanced structure of lncRNAs is often based on the correlation studies of the well-studied lncRNAs: HOX transcript antisense RNA (HOTAIR) and metastasis-associated lung adenocarcinoma transcript 1(MALAT1) (Novikova et al., 2012b; Novikova et al., 2013; Sun et al., 2018). An in-depth structural analysis will provide useful insights into the function and mechanism of lncRNAs.



Functions of Long Non-coding RNAs

The functions of lncRNAs, which depend on their subcellular localization, vary in the cell membrane, cytoplasm, and nucleus. Bioinformatic analysis, subcellular localization experiments, and comparative analysis using databases enable the identification of lncRNA expression sites and corresponding functions (Mas-Ponte et al., 2017); lncRNAs are potential therapeutic targets for diseases. The neuroprotective and anti-neuroinflammatory effects of the lncRNAs nuclear-enriched abundant transcript 1(NEAT1) (Barry et al., 2017); and Gm4419, respectively, are dependent on their subcellular localization. The functions of lncRNAs are as follows: first, signaling molecules: signaling between different lncRNAs and cellular signal transduction (Flynn and Chang, 2014; Park et al., 2014); second, decoy molecules: regulate transcription by recruiting proteins or RNAs (Yan et al., 2015; Si et al., 2019; Peng et al., 2020); third, guidance molecules: bind specifically to chromatin-modifying proteins and regulatory sites and modulates the expression of upstream and downstream genes (Kim et al., 2012; Ferrè et al., 2016; Wang et al., 2016); finally, lncRNAs can function as a cellular scaffold, by binding and mediating the regulatory effects of specific proteins or RNAs (Modarresi et al., 2012; Zhang et al., 2019; Wang et al., 2020); lncRNAs mediate the epigenetic regulation of genes (DNA methylation, gene silencing, nucleolus dominance, histone modification, genomic blotting, maternal effects, dormant transposon activation, and RNA editing), as well as the transcriptional and post-transcriptional regulation of genes (RNA shearing, processing, splicing, metabolism, maturation, and stability) (Beermann et al., 2016; Matsui and Corey, 2017) (Figure 1).
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FIGURE 1. Overview of long non-coding RNA (lncRNA) biogenesis. A Schematic diagram illustrating the origin of lncRNAs. (a), Intron sense or antisense lncRNAs. (b), Exon sense- or antisense lncRNAs. (c), between genes. (d), Bidirectional lncRNAs (the coding transcript is initiated in a genomic region of less than 1,000 bp).


Long non-coding RNAs were originally considered as simple transcriptional byproducts: “dark matter,” and “noise.” However, lncRNAs are involved in the regulation of various physiological and pathological processes, such as immunity, inflammation, gene regulation, and cell differentiation and proliferation (Mercer et al., 2009). In addition to TBI, lncRNA expression is dysregulated in neurodegenerative diseases (NDDs), ischemic cerebrovascular disease, glioma, and other neurological disorders (Xue et al., 2019). For example: In Parkinson’s disease, lncRNA NEAT1 increases stabilization of PTEN-induced putative kinase 1 (PINK1), hence promoting cellular quality control mechanism (Simchovitz et al., 2019). Recently, it was discovered that NEAT1 levels were significantly upregulated in the peripheral blood cells of PD patient (Boros et al., 2020). Amyotrophic Lateral Sclerosis (ALS) is prevalent form of motor neuron disease, Data have shown that NEAT1_2 was minimally expressed in the motor neurons of healthy people but highly expressed in the motor neurons of people with early-stage ALS, thus suggesting its utility as a biomarker for early ALS diagnostics (Zhang M. et al., 2021). LncRNAs are particularly attractive biomarkers because they are stable in the blood and other biofluids, and can be readily detected in easily-obtained biofluid samples. For example, some immune-related lncRNAs have been proposed as biomarkers and therapeutic targets for inhibiting glioma development. In TBI, dysregulated lncRNAs may regulate secondary brain injury through the mitogen-activated protein kinase signaling pathway, the p53 signaling pathway, or cytokine-receptor interactions (Patel et al., 2018). Exosomes, which are nanosized endocytic vesicles that are secreted by most cells, contain an abundant cargo of different RNA species that may be used as circulation biomarkers for diseases (Li et al., 2018), Here, we can browse Website access database query,1 exoRBase, which is a repository of circular RNA (circRNA), long non-coding RNA (lncRNA), and messenger RNA (mRNA) derived from RNA-seq data analyses of human blood exosomes. Determining the structure and function of lncRNAs is an active field in both genetics and cancer biology research, and several novel mechanisms and roles of lncRNAs have been reported. Improving our understanding of the function and expression of lncRNAs in health and disease and the underlying mechanisms, will provide novel insights that could be useful for disease prevention, non-invasive diagnosis, and predictive prognosis.




ROLE OF INFLAMMATION AND IMMUNE RESPONSES IN TRAUMATIC BRAIN INJURY

Inflammation is the host defense response against invading pathogens and damaged cells under physiological conditions, which maintains tissue homeostasis (Sorby-Adams et al., 2017). However, inflammation can also mediate various pathological conditions, such as secondary brain injury. Thus, inflammation has a critical role in the development and alleviation of pathological conditions (Ghirnikar et al., 1998; Kaur and Sharma, 2018). Pathological conditions such as secondary brain injury aberrantly activate the inflammatory cascades, including microglial activation, peripheral leukocyte migration and recruitment, and cytokine release. This inflammatory response resembles a “gunpowder keg” (Merrill and Benveniste, 1996; Casili et al., 2018), which leads to blood-brain barrier (BBB) disruption, brain edema, exacerbation of brain injury (Corrigan et al., 2016), and systemic inflammatory response syndrome (SIRS). Post-injury inflammation and brain edema are key pathological events leading to secondary brain injury (Hopp et al., 1998). Trauma-induced oxidative stress promotes the release of pro-inflammatory factors and exacerbates inflammation through the activation of nuclear transcription factor-kappa B (NF-κB) (Yang et al., 2020) and activates its downstream mediator nucleotide-binding oligomerization domain (NOD)-like receptor protein 3 (NLRP3), which may regulate interleukin secretion. NLRP3 belongs to the innate immune response recognition receptor family, which plays an important role in TBI (Tang et al., 2020). Therefore, NLRP3 inhibition may mitigate the progression of neuroinflammation in TBI (Irrera et al., 2017).

Inflammation can exacerbate primary or secondary injuries in patients with TBI. Immunity refers to the recognition and response of the body’s immune system to self and danger signals intending to recognize and eliminate antigens and their foreign substances to maintain the physiological homeostasis and stability of the body. Guttman et al. (2009) reported that lncRNAs regulate the immune response. Both innate and acquired immunities are involved in TBI. During an immune response, ligands of the major histocompatibility complex (MHC)-associated T-cell receptor stimulate cytokine receptors in the presence of αβ T cells, which promotes the immune response in the CNS (Needham et al., 2019). At 2 h post-TBI, neutrophils accumulate at the site of central injury through the disrupted BBB (Soares et al., 1995; Rhodes, 2011). This leads to the activation of microglia, the infiltration of a large number of immune cells in the CNS, and the release of cytokines and chemokines. Cytokines and chemokines recruit various immune cells to the lesion site through G protein-coupled receptors. These immune cells secrete various cytokines, which initiate an inflammatory signaling cascade response that recognizes and attacks myelin sheaths and neurons and consequently exacerbates brain injury (McKee and Lukens, 2016; Needham et al., 2019). In contrast, activated microglia can be polarized toward a macrophage-like phenotype (called M1 type), which leads to the upregulation of NF-κB transcription and production of pro-inflammatory cytokines that can further promote the phagocytosis of extracellular debris and presentation of antigens to circulating lymphocytes (Benarroch, 2013). However, the activation of immune response exceeding the antigen-presentation flux leads to immune-mediated CNS damage. Additionally, the secretion of pro-inflammatory factors may activate other immunomodulators and exacerbate neuroinflammation.

The brain is termed as a “partial immune exempt organ.” In physiological conditions, the BBB prevents the entry of most metabolites and antigens into the brain. The neuronal metabolites and small molecular antigens of the self-circulatory system enter the brain tissue through areas lacking the BBB and the periphery through intracranial lymphatic drainage to maintain homeostasis (Absinta et al., 2017; Mondello et al., 2021); In contrast, pathological conditions, such as TBI are associated with the disrupted BBB. Additionally, pathogens and their metabolites expose concealed antigens, which can enter the skull and stimulate the brain to produce antibodies against the brain antigens, which bind to S1000 proteins, myelin base proteins, and neuron-specific enolases to form immune complexes that induce neuroimmune damage. The major cells involved in immune responses are microglia, macrophages, T and B lymphocytes, endothelial cells, mast cells, and natural killer (NK) cells (Jassam et al., 2017). The antigen-antibody complex can activate the complement system, which exerts complement-dependent cytotoxic effects and consequently promotes neuronal apoptosis (Wei et al., 2020). Antibodies against brain antigens stimulate microglia to overexpress IL-1, which induces neuronal apoptosis by activating the transcription and translation of the apoptotic gene CASP3. Additionally, the anti-brain antigen antibodies attack the brain tissue, which results in the exacerbation of the inflammatory response, generation of large amounts of oxygen free radicals, induction of lipid peroxidation in the neuronal cytoplasm, impairment of mitochondrial metabolism, and the induction of cerebral hypoxia and cerebral edema. The secreted neurotransmitters, such as excitatory amino acids, interact with neurons and astrocytes and increase the levels of Ca2+ and Na+, thereby disrupting the BBB, promoting cytotoxic brain edema (Dixon, 2017; O’Leary and Nichol, 2018) and exacerbating brain injury. Therefore, the suppression of inflammation is a potential therapeutic strategy for TBI. Glucocorticoids, which are immunosuppressive drugs, have been regarded as therapeutic agents for vascular brain edema. However, the effectiveness of glucocorticoids is dependent on the type of brain edema. The major cause for cytotoxic edema is damage to cell membrane ion channel, while that for vascular-derived edema is the disruption of BBB and altered vascular permeability. Although glucocorticoids exert anti-inflammatory effects, they are not recommended for patients with severe TBI to suppress immunity or alleviate brain edema as it can lead to increased mortality (Carney et al., 2017).


Role of Long Non-coding RNA-Mediated Immune Responses in Traumatic Brain Injury

The expression profiles of lncRNAs, which are differentially expressed in the CNS, are correlated with specific neuroanatomical regions and cell types (Khorkova et al., 2015). Some studies have reported that lncRNAs mediate inflammation after TBI by regulating different inflammatory pathways, which further exacerbates CNS injury (Simon et al., 2017); The major pathophysiological process underlying TBI are neuroinflammation, apoptosis, axonal disruption, regeneration, and angiogenesis, which may be related to the regulation of lncRNAs (Zhang and Wang, 2019). For example, various lncRNAs, such as NEAT1, MALAT1, maternally expressed gene 3 (MEG3), and growth arrest-specific transcript 5 (GAS5) regulate inflammatory pathways and immune responses that mediate apoptosis in neuronal cells (Zhang and Wang, 2019). Additionally, oxidative stress plays an important role in mediating secondary injury after TBI (Carrillo-Vico et al., 2014; Miao and Liang, 2018). lncRNA-mediated inflammatory responses after TBI cause damage not only to the brain, but also to other organs and systems (e.g., SIRS, neurogenic pulmonary edema, Cushing’s ulcer, and endocrine changes). Therefore, the effective regulation of lncRNA expression can alleviate neuroinflammatory injury and consequently mitigate primary and secondary brain injuries in patients with TBI.

Long non-coding RNA play an important role in the development, proliferation, and differentiation of intrinsic and adaptive immune cells (Wu et al., 2015). Dendritic cells (DCs) are potent antigen-presenting cells. Conventionally, DCs were not considered to be localized to the CNS in which microglia and peripherally derived monocytes/macrophages served as the primary antigen-presenting cells. However, recent studies have reported that DCs are localized to the CNS and are actively involved in injury response (D’Agostino et al., 2012); DCs and monocytes/macrophages are involved in intrinsic immunity. Previous studies examining the role of lncRNAs in DC differentiation and function have identified specific lncRNAs that are upregulated in DCs (termed lnc-DCs) can regulate DC differentiation, prevent their accumulation, and mitigate excessive inflammatory responses (Wang et al., 2014); For example, lnc-DCs can directly bind to signal transducer and activator of transcription 3 (STAT3) in the cytoplasm and suppress inflammation by inhibiting the binding of STAT3 to SHP1 and dephosphorylating SHP1. Lnc-DC cannot effectively initiate the secretion of inflammatory factors from CD4+ T cells under DC-deficient conditions (Wang et al., 2019). In contrast, adaptive immunity, which has a “memory” function, is activated upon the stimulation of specific T and B lymphocytes by antigens during biological evolution. Previous studies on acquired immunity have reported that lncRNA MAF-4, which is a chromatin-associated Th1-specific lncRNA, was negatively correlated with the expression of the Th2-associated transcription factor MAF. The downregulation of lncRNA MAF-4 resulted in the differentiation of T cells to Th2 cells (Ranzani et al., 2015). The functions of NK cells, which have been derived from the bone marrow, are not dependent on antibodies. Intrinsic NK cells in the brain inhibit Th17 cell activation and consequently attenuate the inflammatory response, demyelination, and immune cell infiltration in the brain (Hao et al., 2010, 2011); This suggested that intrinsic and adaptive immunities may have overlapping functions. However, the specific mechanisms and regulation of adaptive immunity have not been completely elucidated. Hence, the effective alleviation of inflammation has not been achieved to reverse the associated cascade damage and improve the prognosis of TBI.

Therefore, lncRNAs mediate inflammatory responses in TBI and play an important role in secondary brain injury. Different lncRNAs can exert similar cerebral protective effects through the same pathway or different pathways. Hence, there is a need to explore the inflammatory pathways that are dysregulated during TBI and how lncRNAs can interact with these pathways. The next section will focus on the role and regulatory mechanisms of specific lncRNAs in TBI, which could aid the development of novel strategies for the diagnosis, treatment, and prognosis of patients with TBI.



Correlation of Different Long Non-coding RNAs With Inflammation in Traumatic Brain Injury


Long Non-coding RNAs Metastasis-Associated Lung Adenocarcinoma Transcript 1

Metastasis-associated lung adenocarcinoma transcript 1, which was first discovered in 2003, is located on the long arm of chromosome 11 (11q13.1). The characteristics of MALAT1 are as follows: length, 8,700 nt; expression site, predominantly the nucleus; lacks a well-defined open reading frame (Liu et al., 2010). MALAT1 regulates the distribution and activity of serine/arginine (SR) splicing factors, while SR regulates variable splicing of pre-mRNAs by promoting phosphorylation. Therefore, MALAT1 is also known as nuclear-enriched autosomal transcription product 2 (NEAT2) (Zhang et al., 2017b; Statello et al., 2021). MALAT1 is specifically cleaved into a large 5’ terminal fragment of a non-coding fragment containing a polyA tail in the nucleus and a small 3’ terminal long tRNA-like fragment in the cytoplasm (Arun and Spector, 2019).

Long non-coding RNAs metastasis-associated lung adenocarcinoma transcript 1 is known as a “star molecule” that regulates key biological processes, such as cell proliferation and differentiation and may be involved in regeneration after brain injury (Tajiri et al., 2014; Ghattas et al., 2016; Zhang et al., 2017d). Additionally, MALAT1 is associated with the distant metastasis and prognosis of non-small cell lung cancer (Ji et al., 2003). MALAT1 expression is upregulated in various cancer and paraneoplastic tissues and that the expression is closely correlated with tumor size and envelope invasion. In TBI, MALAT1 exerts neuroprotective effects and is involved in the regulation of mRNA splicing, editing, and stability. Previously, exosomes from human adipose stem cells were used as a therapeutic for TBI. The exosomes increased the number and proliferation of neurons, which can be attributed to multiple regulatory therapeutic targets of MALAT1. MALAT1 improved the activity of damaged neurons through different pathways. In vitro experiments with mouse hippocampal neuronal cells (HT22) reported that MALAT1 exerts neuroprotective effects. Studies on brain injury models have demonstrated that the neuroprotective effect of exosomes is mitigated upon depletion of MALAT1 in the exosomes (Ghattas et al., 2016). The release of immune cells from the spleen and their infiltration into the brain is induced at the onset of TBI, which exacerbates secondary brain injury (Stewart and McKenzie, 2002). However, the inhibition of monocyte infiltration into the brain alleviates secondary injury and promotes the recovery of cognitive function (Morganti et al., 2015). The spleen is an important source of peripheral macrophages and monocytes. Treatment with exosomes may inhibit the release of these immune cells into the circulation, reduce immune cell infiltration into the brain via the disrupted BBB, and mitigate the peripheral immune cell-mediated exacerbation of secondary injury. Thus, MALAT1 is a potential therapeutic target for TBI.

Overexpression of lncRNA MALAT1 significantly inhibited brain edema in a rat model of TBI and downregulated the expression of IL-6, NF-κB, and aquaporin 4 (AQP4). MALAT1 expression is upregulated in monocytes of immune disease models [e.g., systemic lupus erythematosus (SLE)] (Yang et al., 2017). The role of MALAT1-mediated inflammation in TBI has not been reported. However, MALAT1-mediated immune responses may be involved in the pathogenesis of secondary cranial brain injury. Further studies are needed to examine the role of MALAT1 in exacerbating or protecting cerebral injuries. The cerebral protective effect of lncRNA MALAT1 is higher than the cerebral injury exacerbation effect. Additionally, MALAT1 exerts an overall protective effect. However, the underlying mechanisms must be further investigated. Astrocytes are more prone to TBI-induced damages than other neuronal cells (Burda et al., 2016). MALAT1 is downregulated in the rodent fluid percussion injury model of TBI, which is consistent with brain edema and astrocyte swelling and may be related to AQP4 expression and BBB disruption. The diagnostic and therapeutic potentials of MALAT1 in other diseases have been demonstrated. MALAT1 induces autophagy and consequently protects the brain microvascular endothelial cells against oxygen-glucose deprivation (OGD)/reoxygenation injury (Li et al., 2017). Li et al. (2017) reported that MALAT1 suppressed cerebrovascular endothelium-induced apoptosis during cerebral ischemia-reperfusion injury (IRI). The expression levels of MALAT1 and inflammatory factors (TNF-α and IL-1β) were significantly upregulated in the spinal cord injury model. Additionally, the level of microglial activation was significantly and positively correlated with MALAT1 expression. MALAT1 activates the downstream IKKβ/NF-κB signaling pathway through the downregulation of miR-199b, which promotes the release of inflammatory factors from the microglia (Zhou et al., 2018). Microglia have an important role in the regulation of CNS development, maturation, and degeneration and its microenvironment. Additionally, optimal inflammatory responses protect the neurons against brain injury. However, sustained activation of immune responses promotes the release of inflammatory factors, which induce neuronal necrosis (Wang and Zhou, 2018).



Long Non-coding RNA Nuclear Enriched Abundant Transcript 1

Nuclear enriched abundant transcript 1 (4,000 bp), which is involved in the formation of paraspeckles, is encoded by a region located on the long arm (11q13) of the multiple endocrinopathies type I gene on human chromosome 11 locus (Klec et al., 2019). Additionally, NEAT1 encodes NEAT1-v1 (3.7 kb) and NEAT1-v2 (23 kb), which are localized in the paraspeckles and share the same promoter but their 3’ ends are processed by different mechanisms. The function of paranuclear vesicles is unclear. Some studies have reported the correlation between the paranuclear vesicles and mammary gland formation, immune diseases, and bone marrow myeloid differentiation. Paraspeckles contain several factors, such as SFPQ, p54nrb, and RBN14. NEAT1 promotes paranuclear vesicle formation by directly binding to these protein factors. The knockout or knockdown of NEAT1 leads to the disruption of paraspeckles (Gast et al., 2019). SFPQ inhibits IL-8 expression in unstimulated cells by binding to the promoter region of chemokine 8 (CXCL8) (Ahmed and Liu, 2018); NEAT1 plays an important role in intrinsic immunity by upregulating the expression of inflammatory factors in stimulated cells. Bioinformatics and experimental analyses revealed that NEAT1 can negatively regulate the expression of miR-365, which can modulate the downstream BAX and AKT pathways and promote apoptosis. However, further studies are needed to examine NEAT1-mediated neuroinflammation.

Nuclear enriched abundant transcript 1 exhibits differential expression in TBI (Zhong et al., 2016). At 24 h post-TBI, NEAT1 expression is significantly upregulated (by approximately three-fold) in the cerebral cortex at the injury site. TBI results in varying degrees of axonal damage. The damaged axons regenerate and elongate to restore neuronal function, a process coordinated by several key factors (Pajeau, 2001). Axon elongation markedly increased upon NEAT1 overexpression (Zhong et al., 2017). Conversely, axon elongation was significantly suppressed upon NEAT1 knockout. These findings provide novel insights into the mechanisms regulating axon elongation at the molecular level. Recent studies has reported that p53-inducible protein 1 (PIDD1) is involved in both pro-apoptotic and anti-apoptotic pathways depending mainly on the type and severity of the injury (Bock et al., 2012). PIDD1 exerts a pro-apoptotic effect on HT22 cells subjected to OGD stress and affects neurons in the edema zone after TBI. The pro-apoptotic effect of PIDD1 has been suppressed upon lncRNA NEAT1 overexpression. PIDD1 enhanced the functional recovery of neurons after TBI. The downregulation of NEAT1 suppressed IL-6, IL-1β, and TNF-α expression in controlled cortical impact (CCI) rats, alleviated neuroinflammation (Xia et al., 2018) and improved the prognosis.

Dysregulation of NEAT1 promotes the development of various diseases, such as viral infections, neurodegenerative diseases, autoimmune diseases, and cancer (Prinz et al., 2019). The role of NEAT1 in immune-related diseases involves regulating paranuclear spot-mediated gene expression, which is consistent with the function of the paranuclear spot mentioned above. Studies to elucidate the structure and functions of NEAT1, such as the nuclear retention mechanisms of RNA or transcription of immune regulatory genes (Imamura and Akimitsu, 2014; Imamura et al., 2014). Previous studies on SLE revealed that NEAT1 expression was upregulated in monocytes and positively correlated with SLE disease severity. Conversely, silencing NEAT1 significantly downregulated the expression of cytokines (such as IL-6) and CXCL10 (Zhang F. et al., 2016); NEAT1 promotes brain injury in septic mice by positively regulating NF-κB in B cells, which was attenuated upon transfection with si-NEAT1 (Barry et al., 2017). Additionally, NEAT1 protects the cells against lethal injury and prevents early apoptosis after TBI, which suggested that NEAT1 regulates apoptosis (Hirose et al., 2014). Primary pathological changes in TBI are mainly manifested in the brain and include tissue contusion and neuronal axon disruption. NEAT1 upregulation promotes neuronal axon repair and growth. Additionally, NEAT1 upregulation promotes the release of cytokines and chemokines, which adversely affect the injured neurons. Chemokines promote the accumulation of peripheral inflammatory cells at these sites. Several studies have focused on the advantages and disadvantages of increased neutrophils after TBI and suggested that the effects of neutrophils depend on the degree of TBI and the expression of si-NEAT1 after TBI. Severe TBI exacerbates metabolic disorder and cerebral perfusion deficit even if the neuroprotective mechanism of si-NEAT1 is dominant and its expression is not marked. The structure of paranuclear vesicles (paraspeckles) and the expression of NEAT1 must be examined in future studies.



Long Non-coding RNA Gm4419

Gm4419, which was originally identified in the kidney of mice with diabetic nephropathy, exhibits pro-inflammatory properties in renal inflammation and fibrosis. Gm4419 is located on chromosome 12 (Chr12:21417911-21419803) and has a length of 1,730 bp (Ensembl ID: ENSMUST00000180671) (Yi et al., 2017).

The onset of TBI leads to the elicitation of local and systemic inflammation (Kumar and Loane, 2012; Kumar et al., 2017). Aberrant inflammatory response, which is an important pathological mechanism of secondary brain injury, promotes neuronal loss, neurological deficits, brain edema, glial activation, and release of inflammatory mediators (Loane and Faden, 2010). Gm4419 is aberrantly upregulated in vitro after astrocyte injury. The overexpression of Gm4419 in injured astrocytes upregulated the expression of TNF-α, BAX, cleaved CASP3 and CASP9, and downregulated BCL-2 and CyclinD1 levels and promoted apoptosis. Conversely, the knockout of lncRNA Gm4419 exerted the opposite effects. Mechanistically, Gm4419 transcripts can act as a sponge for miR-466l and miR-466lco and promotes trauma-induced astrocyte apoptosis by upregulating inflammatory cytokines. Thus, Gm4419 can upregulate TNF-α expression by competitively binding to miR-466l, which subsequently promotes inflammatory injury. Gm4419 can activate the NF-κB pathway by directly interacting with p50, a subunit of NF-κB, and caspase, a component of the constituent inflammasome NLRP3. Thus, Gm4419 co-mediates glial cell apoptosis by promoting inflammation, fibrosis, and proliferation after TBI through the NF-κB/NLRP3 signaling pathway (Xue et al., 2019). IRI is critical for secondary brain injury. lncRNA Gm4419 is upregulated in the IRI rat model and the knockout of lncRNA Gm4419 alleviates apoptosis (Ying et al., 2020).

The immune mechanism of Gm4419 in TBI has not been completely elucidated, which can be attributed to its physicochemical properties. The role of Gm4419 in inflammation must be further investigated in future studies. Thus, lncRNA Gm4419 plays an important role in TBI by mediating the pathological inflammatory process and can be a potential therapeutic target for TBI (Yu et al., 2017).



Long Non-coding RNA Growth Arrest-Specific Transcript 5

Growth arrest-specific transcript 5 (4,983 bp), which was originally identified in cells exhibiting growth arrest, is located on human chromosome 1q25.1 and contains multiple introns and exons. The exons express the GAS5 RNA sequences, while the intron sequences encode 11 snoRNAs involved in rRNA production (Mayama et al., 2016). Although the exons contain an open reading frame, they do not encode functional proteins (Lu et al., 2013). The continuous accumulation of GAS5 in growth-arrested cells is associated with attenuated translation and suppressed degradation of mammalian target of rapamycin (mTOR) and 5’TOP RNA, which leads to a marked accumulation of spliced, mature lncRNA GAS5 (Schneider et al., 1988). Activated p53 protein, which induces p21 expression under uncontrolled cell division and proliferation conditions, promotes cell cycle arrest and GAS5 upregulation. p53 is expressed when cells undergo irreparable damage through the induction of pro-apoptotic genes (e.g., BAX, a BCL-2 family member). GAS5, p53, and p21 form a mutually reinforcing triangle that accelerates programmed cell death (Kanapathipillai, 2018; Ni et al., 2019).

Recent studies have reported that GAS5 is dysregulated in autoimmune diseases and cancer (Pickard et al., 2013; Gao et al., 2018). GAS5 regulates apoptosis, mediates cell survival, and influences metabolic activity (Shi et al., 2015). Enhanced intracranial pressure after TBI can induce oxidative damage (Liu et al., 2007). GAS5 negatively regulates miR-124, which is regulated by oxidative stress. miR-124 downregulation after TBI leads to the overproduction of reactive oxygen species, whereas miR-124 upregulation promotes cell survival (Zhang et al., 2017c), this suggested that GAS5 knockdown attenuates oxidative stress injury by upregulating miR-124 (Miao and Liang, 2018). More than 50% of patients with severe TBI develop severe brain injury, which is characterized by neuronal cell damage resulting from a complex series of endogenous pathophysiological processes triggered after primary brain injury (Butcher et al., 2007). TBI-activated microglia release high levels of pro-inflammatory factors (e.g., interferon-γ, TNF-α, and IL-1β), chemokines, and ROS, which leads to chronic neuroinflammation, oxidative stress and neurodegeneration, and inhibition of neural regeneration (Xu et al., 2018). Mitochondria are widely distributed in the neuronal axons, terminals, and dendrites. Traumatic insult to the brain tissue leads to the dysregulation of local metabolism, enhanced production of ROS, accumulation of lipid peroxides on mitochondrial membranes, severe impairment of energy metabolism, and consequently neuronal degeneration and apoptosis.

Therefore, silencing GAS5 may reduce the incidence of brain injury and neurodegenerative diseases by mitigating oxygen free radical formation after TBI and decreasing the accumulation of immune complexes.



Long Non-coding RNA Maternally Expressed Gene 3

Maternally expressed gene 3 (1,700 nt), which is located on human chromosome 14q32.3 (Braconi et al., 2011), can be selectively spliced to produce 12 different MEG3 transcripts (Mondal et al., 2015). MEG3a, MEG3b, MEG3c, and MEG3d are four isoforms of MEG3 and each isoform contains one exon. In total, 12 cDNA isoforms, named MEG3, MEG3a, and MEG3b–k (GQ183494–GQ183503), were identified using real-time polymerase chain reaction (Binabaj et al., 2018).

Maternally expressed gene 3 is reported to be involved in tumor suppression, recent studies have demonstrated that MEG3 can regulate ischemic neuronal death and exert neuroprotective effects (Yan et al., 2017). Injury is a multisystem lesion involving complex interactions between neural, immune, and peripheral systems (Saber et al., 2020). TBI disrupts the integrity of the BBB, which separates the brain parenchyma from blood (Jing et al., 2020). The inflammatory response following TBI is caused by the entry of peripheral immune mediators through the damaged BBB (Sivandzade et al., 2020). Microglia are reported to be involved in the neuroinflammatory and immune responses to TBI (Bedi et al., 2018). MEG3 is expressed in several human tissues, including the brain and adenohypophysis. Additionally, MEG3 may be involved in neuronal remodeling and is essential for neuronal resistance to injury (Liu et al., 2017). miR-548d-3p can regulate the JAK-STAT signaling pathway through inhibition of SOCS5 and SOCS6 expression by binding to the 3’UTR of the suppressor of cytokine signaling. MEG3 upregulation accelerates neuronal apoptosis through this pathway (Tan et al., 2019). Bioinformatics analysis and dual-luciferase experiments have revealed that MEG3 directly targets and downregulates miR-7a-5p expression. miR-7a-5p suppresses the effect of MEG3 upregulation on microglial activation. MEG3 functions as a miR-7a-5p competitive endogenous RNA that induces microglial inflammation by regulating NLRP3 expression.

Thus, the Meg3/miR-7a-5p/NLRP3 axis is a potential therapeutic target for TBI (Meng et al., 2021).



Long Non-coding RNA Colorectal Neoplasia Differentially Expressed

Long non-coding RNA colorectal neoplasia differentially expressed (CRNDE) (1,059 bp), which is located on human chromosome 16 (16q12.2) adjacent to IRX5, contains five core exons. Previous studies have reported that CRNDE is a proto-oncogene that is expressed in gliomas and that its expression is negatively correlated with the prognosis of tumor (Gao et al., 2017; Shi et al., 2017; Zhang et al., 2020). Lin et al. (2011) reported that CRNDE is expressed during the neural differentiation of human-induced pluripotent stem cells and that CRNDE regulates glioma development by promoting inflammation (Thermozier et al., 2020). CRNDE upregulation triggers WI-38 cell injury, significantly inhibits cell viability, and increases cytokine levels, which leads to the induction of inflammation and apoptosis (Yang Y. P. et al., 2018).

Colorectal neoplasia differentially expressed is upregulated in TBI (Yi et al., 2019). The knockdown of CRNDE suppressed neuroinflammatory factor expression, improved neurobehavioral function in TBI rats, upregulated the levels of glial fibrillary acidic protein (GFAP), bromodeoxyuridine nucleoside, nerve growth factor, and nestin, and suppressed neuronal apoptosis and autophagy. These changes lead to the induction of neuronal differentiation and nerve fiber growth and regeneration (Yi et al., 2019). Neuroinflammation after TBI may exacerbate neurological dysfunction, tissue damage, and neuronal loss (Byrnes et al., 2012; Breunig et al., 2013). Elevated pro-inflammatory cytokines, immune cell proteases, and oxidative stress after TBI can lead to excessive tissue damage and induction of neuronal cell death (Stover et al., 2000; Rothwell, 2003). Additionally, the upregulation of reactive astrocytes and GFAP are considered to be markers of CNS injury (Kernie et al., 2001).

Colorectal neoplasia differentially expressed is closely related to neuroinflammation. The downregulation of CRNDE exerts a protective effect against neuronal damage. Hence, the effective regulation of CRNDE expression may alleviate TBI. However, further studies are needed to elucidate the underlying regulatory mechanisms or pathways (Figure 2).
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FIGURE 2. Traumatic brain injury (TBI)-related long non-coding RNA (lncRNA) regulatory mechanisms and pathways. Different types of lncRNAs regulate various downstream molecules that exert neuroprotective or neuroapoptotic effects by inducing cell death pathways, such as inflammatory pathways, oxidative stress, autophagy, and ferroptosis.




Long Non-coding RNA HOX Transcript Antisense RNA

HOX transcript antisense RNA (2,148 nt) was first identified by Rinn et al. (2007). Human HOTAIR is located at the HOXC locus on chromosome 12q13.13 flanking between HOXC11 and HOXC12.

HOX transcript antisense RNA plays an important role as a star molecule in several diseases, especially tumors and immune diseases. For example, in rheumatoid arthritis, overexpression of lncRNA HOTAIR significantly suppressed NF-κB in chondrocytes treated with lipopolysaccharide by inhibiting the nuclear translocation of p65 and consequently downregulated the IL-1β and TNF-α levels (Zhang et al., 2017a). The study demonstrated that HOTAIR functions as a skeleton molecule and that the two ends bind to different histone modification complexes. The 5’ end binds to the PRC2 complex to exert a pro-methylation effect, while the 3’ end binds to the LSD1/CoREST/REST complex to exert a demethylation effect.

The expression of HOTAIR in microglia, which is activated in TBI, is upregulated in activated microglia. HOTAIR inhibits microglial activation and inflammatory factor secretion through Ki-67 and promotes neuromodulin receptor degradation protein (NRDP1)-mediated ubiquitination of myeloid differentiation factor (MYD88) protein (Cheng et al., 2021). Previous studies have reported that MYD88 expression is closely related to neurological function in mice with TBI and that MYD88 downregulation attenuates TBI by significantly suppressing the release of the glial cell activation marker IBA-1 and the inflammatory factors (TNF-α and IL-1β) (Zhang H. S. et al., 2016; Cheng et al., 2021). The inhibition of HOTAIR mitigated the progression of brain injury by inhibiting inflammatory pathways, which suggested the critical role of HOTAIR in TBI-induced inflammatory responses in microglia although the underlying mechanisms are not clear.

Granulocytes and macrophages are involved in the HOTAIR-induced immune response to TBI. Inflammation and immune response are often complementary processes that are not easily distinguishable. Previous findings indicate that HOTAIR exerts neuroprotective effects through multiple factors. However, the underlying mechanisms must be examined in future studies.



Long Non-coding RNA Zinc Finger X-Chromosomal Protein Antisense 1

Zinc finger X-chromosomal protein antisense 1 (ZFAS1) is derived from the antisense transcription of zinc-containing ferredoxin-1 (ZFX1) located on chromosome 20q13.13 (Dong et al., 2018). Previous studies have reported that ZFAS1 is associated with the development and progression of various cancers (Feng et al., 2021). ZFAS1 contains snoRNAs (Snord12, Snord12b, and Snord12c) (Askarian-Amiri et al., 2011).

The expression of ZFAS1 is upregulated in TBI mice (Wang et al., 2017). The knockdown of ZFAS1 inhibited apoptosis and inflammation and attenuated brain edema and neuronal injury (Feng et al., 2021). Brain edema, an important prognostic factor, is a key challenge in the treatment of TBI (Winkler et al., 2016). The inactivation of ZFAS1 downregulates the levels of BAX and cleaved CASP3 (Zhao et al., 2019), inflammatory factors and neuronal cell death. Clinically, patients with TBI often have injuries at sites in addition to the head, such as the neck or spinal cord in the event of a whip-like injury or an injury resulting after a fall from height. In mice with spinal cord injury (SCI), ZFAS1 is upregulated in the spinal cord tissue. Additionally, the knockdown of ZFAS1 promoted functional recovery and inhibited neural cell apoptosis and inflammatory response (Chen et al., 2021).

Therefore, ZFAS1 has a critical role in CNS injury. The knockdown of ZFAS1 alleviates secondary brain injury and SCI but the underlying regulatory mechanisms have not been elucidated. There is a need to elucidate the pathways and mechanisms of ZFAS1 that mediate the pathogenesis of diseases to improve the clinical treatment and prognosis of the disease.



Long Non-coding RNA NF-κB-Interacting Long Non-coding RNA

NF-κB-interacting long non-coding RNA (NKILA) was first identified and named by Liu et al. (2015), in 2015 based on breast cancer studies. NKILA (2,570 nt), which is located on chromosome 20q13, regulates the NF-κB signaling pathway (Lu et al., 2018). NKILA comprises a specific site for binding to NF-κB at 104–195 bp upstream of the transcription start site (Yu et al., 2018). Previous studies have demonstrated that NKILA regulates laryngeal cancer cell migration and invasion and that it is a potential clinical and prognostic biomarker for breast and esophageal cancers (Lu et al., 2018; Yang T. et al., 2018).

NF-κB-interacting long non-coding RNA, which negatively regulates NF-κB, can inhibit the activation of the NF-κB signaling pathway that is associated with the inflammatory response after TBI (Ke et al., 2018; Tao et al., 2018). NLRX1 can exert an inhibitory effect on secondary brain injury through the negative regulation of NF-κB signaling. Various lncRNAs and miRNAs exhibit differential expression in TBI (Zhong et al., 2016). Additionally, these lncRNAs and miRNAs exhibit both differential and overlapping functions. Extracellular vesicles (EVs) from pluripotent mesenchymal cells promote the recovery of neuronal cell function in TBI rats by upregulating endogenous angiogenesis and neurogenesis and downregulating inflammation (Zhang et al., 2015). NKILA delivered through EVs derived from astrocytes inhibits neuronal injury and promotes structural and functional recovery of the brain after TBI by upregulating miR-195, which targets NLRX1 (He et al., 2021). Astrocytes are close to neurons and provide nutrition and support to neurons (Lafourcade et al., 2016). EVs released from astrocytes and harboring NKILA are phagocytosed by neurons. In the neurons, NKILA exerts therapeutic effects (Rufino-Ramos et al., 2017). Additionally, studies on rat brain hemorrhage revealed that NKILA expression was downregulated in the cerebral hemorrhage group. Additionally, the expression levels of IκBα, p-IκBα, P65, and p-P65 were upregulated and the NF-κB signaling pathway was activated (Huang et al., 2018; Jia et al., 2018). Furthermore, the expression of inflammatory factors downstream of this pathway was upregulated, which leads to neuroinflammation.

Thus, NKILA and NLRX1 negatively regulate the NF-κB signaling pathway. The downregulation of NLRX1 expression and the inhibition of the NF-κB signaling pathway can mitigate neuroinflammatory damage after brain injury (Theus et al., 2017), which can improve the prognosis of patients with TBI.



Long Non-coding RNA Potassium Voltage-Gated Channel Subfamily Q Member 1 Overlapping Transcript 1

Potassium voltage-gated channel subfamily Q member 1 overlapping transcript 1 (KCNQ1OT1), which is located at the 11p15.5 locus (Kanduri, 2011) and has a length of 91,671 nt, is species homology and catalyzed by RNA polymerase II (Zhang K. et al., 2021).

Cytokines released from activated microglia continuously promote neuronal damage (Corrigan et al., 2016). Microglial activation is associated with the following two phenotypes: pro-inflammatory neurotoxic (M1) and anti-inflammatory neuroprotective (M2) phenotypes. The transition from M1 phenotype to M2 phenotype may play a beneficial role in TBI (Xu et al., 2017; Su et al., 2020). Previous studies have examined the role of KCNQ1OT1 in TBI development (Zhong et al., 2016). Various studies have demonstrated that lncRNAs exert pro-angiogenic, anti-apoptotic, and anti-inflammatory effects in TBI by regulating different molecules and pathways (Zhang and Wang, 2019). Gene chip analysis has revealed that several lncRNAs are differentially expressed in TBI rats, which may be related to TBI-induced inflammation, cell cycle, apoptosis, and other pathological processes (Wang et al., 2017). The knockdown of KCNQ1OT1, which mediates neuroinflammation, attenuates PC12-induced inflammation, oxidative stress, and apoptosis in the OGD model (Yi et al., 2020). KCNQ1OT1 is upregulated in the TBI mouse model and regulates the TLR4 pathway through the KCNQ1OT1/miR-873-5p axis. Additionally, KCNQ1OT1 knockdown significantly attenuates the expression of TLR4, MYD88, and TRAF6, and inactivates p38 and NF-κB phosphorylation (Di Padova et al., 2018). Furthermore, miR-873-5p inhibition mitigated the KCNQ1OT1 knockdown-mediated effects. TRAF6 is a direct target of miR-873-5p.

Potassium voltage-gated channel subfamily Q member 1 overlapping transcript 1 decreases BBB permeability, promotes the polarization of M1 toward M2, alleviates IL-1β, IL-6, and TNF-α-mediated inflammatory damage, reduces neuroinflammation in TBI mice, and exert neuroprotective effects by regulating the miR-873-5p, TRAF6, P38, and NF-κB pathways (Liu et al., 2021).



Long Non-coding RNA Cyclooxygenase 2

Cyclooxygenase 2 (COX2) [also known as prostaglandin-endoperoxide synthase 2 (PTGS2)], which was first identified 12 years ago, regulates immune response. lncRNA COX2 is located 51 kb upstream of COX2 where the lncRNA is significantly and differentially expressed and was therefore named lncRNA COX2 (gene ID: 854622) (Guttman et al., 2009).

Recent studies have demonstrated that lncRNA COX2 is localized in the nucleus and cytoplasm of cells and plays an important role in the primary cellular immune response. The induction of Toll-like receptors (TLRs) by macrophages promotes the expression of lncRNA COX2, which mediates the activation and suppression of immune-related genes in intrinsic immune cells (Carpenter et al., 2013). The activation of intrinsic immunity has an important role in the progression of TBI. lncRNA COX2 directly binds to NF-κB and promotes the nuclear translocation of p65. NF-κB is activated after brain injury. CASP1-processed IL-1β promotes neuroinflammation (Lalor et al., 2011). lncRNA COX2 knockout inhibits NLRP3 inflammatory vesicles by downregulating the mRNA and protein levels of NLRP3 and ASC, which inhibit caspase-1 activation. Additionally, lncRNA COX2 knockout-mediated NLRP3 downregulation attenuates inflammasome activation, which suppresses pro-inflammatory IL-1β secretion by macrophages and microglia in vitro (Xue et al., 2019). lncRNA COX2 expression may be dependent on MYD88 ubiquitination and NF-κB signaling pathways. Therefore, lncRNA COX2 inhibits microglial activation via ubiquitination and consequently attenuates the TBI inflammatory response.

The role of lncRNA COX2 in TBI is unclear. However, cytokines, inflammatory vesicles, and immune-related responses are key factors in the inflammatory cascade response in secondary brain injury and play an important role in the development of TBI. As lncRNA COX2 regulates the levels of these factors, it may also mediate the pathogenesis of TBI. Further studies are needed to examine the interactions between lncRNA COX2 and immune mediators and pathways and the underlying mechanisms.



Long Non-coding RNA F19

Other lncRNAs, such as lncRNA F19 are reported to be involved in TBI. The overexpression of lncRNA F19 can exacerbate secondary brain injury through the TLR4 pathway. Conversely, the inhibition of lncRNA F19 overexpression can mitigate neuronal apoptosis through the same pathway (Peng et al., 2019). The role of F19 in other diseases, including brain injury, and immune inflammation and the underlying mechanisms are unclear. The development of molecular technologies and novel experimental designs may enable the elucidation of specific mechanisms of various lncRNAs in diseases (Figure 3).
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FIGURE 3. Long non-coding RNA (lncRNA) molecular pattern diagram in traumatic brain injury (TBI). In traumatic brain injury, the expression of lncRNA downstream molecules increases, which activates the inflammation pathway. At the same time, the permeability of the blood-brain barrier increase, thereby releasing inflammatory factors. Both factors will affect secondary brain injury.






TREATMENT OF TRAUMATIC BRAIN INJURY-ASSOCIATED INFLAMMATORY INJURY AND IMMUNE RESPONSE

Clinically, TBI patients are often escorted to the hospital urgently. Thus, the specific course of injury in patients with TBI is rarely monitored. The pathogenetic mechanism and the prognosis of injury are often determined based on the combination of patient history, physical examination, and ancillary tests. For example, occipital landing cases are often associated with a contralateral (bifrontal) brain contusion in addition to the injury at that site. A review at ≥6 h post-injury will often reveal a positive presentation even if the early imaging is not conclusive. Primary injuries in TBI (scalp lacerations, skull fractures, brain contusions, axonal injuries, etc.) are treated with debridement and suturing and conservative or surgical treatment. The indications for antibiotic treatment must be strictly controlled according to the Administrative Measures for the Clinical Application of Antimicrobial Drugs.

Infection treatment aims to mitigate definite pathogenic microbial infections, while that of prophylactic infection treatment is to mitigate the high-risk infection factors. This review suggests that lncRNAs in TBI mediate inflammatory damage caused by central injury through several inflammatory pathways, specific mechanisms, and immune-related responses and that the activation of some cells promotes the release of inflammatory factors and chemokines and complement formation. Thus, the use of antibiotics must be limited in the absence of clear pathogenic infections. However, treatment with anti-inflammatory agents, sympathetic excitation inhibitors, and antioxidants and agents that alleviate cerebral edema and exert neuroprotective effects are recommended in cases of secondary brain injury characterized by inflammatory factor release, oxidative stress, calcium overload, impairment of mitochondrial function, ferroptosis, apoptosis, pyroptosis, and autophagy. The therapeutic effect of these agents is limited, which can be attributed to the complex pathological mechanism of TBI. Based on these findings on immune-related inflammation, the following interventions can be recommended: one, blocking granulocyte infiltration into the brain; two, inhibiting and neutralizing pro-inflammatory and cytokine activity; three, inhibiting microglial activation and ferroptosis; four, blocking pattern recognition receptor activation of the inflammatory complex; five, inhibiting intrinsic and adaptive immune responses; six, preventing trauma systemic reactions after stress. These interventions may improve the prognosis of patients with TBI (Balu, 2014; Viet et al., 2021). Generally, the spleen and the brain are not correlated post-trauma. However, some studies have demonstrated that splenectomy decreases the number of B and T cells responding to TBI, which decreases lesion size and improves functional outcomes (Nizamutdinov and Shapiro, 2017). Blocking B and T-cell expansion and activation in the spleen exerted neuroprotective effects in other TBI models (Tobin et al., 2014). Thus, the therapeutic targeting of peripheral immune cells after TBI may enable the development of novel drugs and therapeutic modalities for secondary brain injury. We summarize the basic information, targets, pathways, etc. targets, pathways, etc. of lncRNAs related to traumatic brain injury (Table 1).


TABLE 1. The characteristics and targets point of traumatic brain injury (TBI)-related long non-coding RNAs (lncRNAs).

[image: Table 1]
Natalizumab, which inhibits the lymphocyte α4 integrin D signaling and consequently inhibits T-cell passage through the BBB, protects the brain against T-cell-mediated injury (Miller et al., 2003; von Andrian and Engelhardt, 2003; Polman et al., 2006). In patients with seizure onset after TBI, the administration of monoclonal antibody prevented and reduced seizure onset (Fabene et al., 2008). Thus, the reduction of immune cells and neutralization of intracerebral anti-brain antigen antibodies is a promising treatment for alleviating immune-mediated injury in patients with TBI. In secondary brain injury, lncRNAs mediate the onset and development of the immune responses (Table 2). TBI is associated with differential expression of lncRNA at the sites of brain injury. Hence, modulating lncRNA expression at the molecular level can potentially mitigate the inflammation injury-mediated damage in secondary brain injury. This can be a novel therapeutic strategy for clinicians to improve the prognosis of patients with TBI and decrease the burden for their families and society. Treatment at the genetic level is well-studied in oncology. However, genetic level treatment of extracerebral areas is a novel paradigm and it is a new challenge for the development of targeted drugs. The emergence of novel technologies will enable the elucidation of mechanisms underlying secondary brain injury and the development of novel treatment of TBI.


TABLE 2. Related long non-coding RNA (lncRNA) immune response in traumatic brain injury (TBI).
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SUMMARY AND FUTURE PERSPECTIVES

Long non-coding RNAs are a class of RNA with a length of >200 nt that is transcribed by RNA polymerase II. Additionally, lncRNAs exhibit a conserved secondary structure and mostly do not encode proteins. Furthermore, lncRNAs are involved in various biological processes, including signal transduction, immune response, inflammatory pathways, ion channel regulation, and cell cycle. Previous studies have reported that lncRNAs are differentially expressed in the brain tissue after TBI and that they mediate the pathophysiological process of inflammation in TBI. Inflammation is a critical pathological process in TBI. lncRNAs are associated with the activation, differentiation, and dysregulation of immune cells. Additionally, lncRNAs modulate T cells, B cells, and NK cells in autoimmune diseases and regulate the immune responses in TBI. The pathological mechanisms of secondary brain injury are complex and diverse. Secondary brain injury promotes systemic changes and traumatic stress in multiple organs. Hence, the therapeutic strategies for TBI must consider the functional impairments of other organs that accompany TBI (e.g., neurogenic pulmonary edema and stress ulcers). However, the mechanisms underlying differential lncRNA expression in TBI and lncRNA-mediated immune response must be elucidated in future studies, along with the correlation between different lncRNAs mediating inflammatory injury in TBI. Moreover, TBI is a major public health concern worldwide and is associated with poor survival rates and prognosis and societal and economic burden. The complex and diverse pathological mechanisms of TBI vary depending on the degrees of brain injury and may involve multiple organs and systems. Thus, the efficacy of traditional, conservative, and surgical treatments is poor. The mechanism of TBI must be elucidated to enable the development of novel therapeutic approaches. In conclusion, this review summarized the role of TBI-associated lncRNAs involved in inflammatory and immune responses that mediate the pathological process of secondary brain injury. The neuroinflammatory and immune response-mediated damages after TBI can be mitigated by regulating the expression of lncRNAs, which can be a potential novel treatment modality for patients with TBI. With the continued in-depth study of lncRNAs, specific lncRNAs are expected not only to be helpful in elucidating disease pathophysiological processes but also recent insights have shed light on the great potential of lncRNA as a non-invasive biomarker. We believe that these TBI-associated lncRNAs will provide a novel perspective for the development of therapeutic strategies for TBI.



AUTHOR CONTRIBUTIONS

J-PW wrote the manuscript and drew figures and tables. W-CD helped modify the tables. CL provided important guidance in the writing and revision of the manuscript. G-LX, QC, and GP provided overall supervision and edited the manuscript. RC and QC read and critically revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by grants from the National Natural Science Foundation of China (Nos. 81801908, 82073893, and 81703622); Hunan Provincial Natural Science Foundation of China (Nos. 2019JJ80056 and 2018JJ3838); China Postdoctoral Science Foundation (No. 2018M633002), Hunan Provincial Health Committee Foundation of China (C2019186); and Xiangya Hospital Central South University postdoctoral foundation.


FOOTNOTES

1http://www.exorbase.org


REFERENCES

Absinta, M., Ha, S. K., Nair, G., Sati, P., Luciano, N. J., Palisoc, M., et al. (2017). Human and nonhuman primate meninges harbor lymphatic vessels that can be visualized noninvasively by MRI. Elife 6:e29738. doi: 10.7554/eLife.29738

Ahmed, W., and Liu, Z. F. (2018). Long non-coding RNAs: novel players in regulation of immune response upon herpesvirus infection. Front. Immunol. 9:761. doi: 10.3389/fimmu.2018.00761

Albert, V., Arulselvi, S., Agrawal, D., Pati, H. P., and Pandey, R. M. (2019). Early posttraumatic changes in coagulation and fibrinolysis systems in isolated severe traumatic brain injury patients and its influence on immediate outcome. Hematol. Oncol. Stem Cell Therapy 12, 32–43. doi: 10.1016/j.hemonc.2018.09.005

Arun, G., and Spector, D. L. (2019). MALAT1 long non-coding RNA and breast cancer. RNA Biol. 16, 860–863. doi: 10.1080/15476286.2019.1592072

Askarian-Amiri, M. E., Crawford, J., French, J. D., Smart, C. E., Smith, M. A., Clark, M. B., et al. (2011). SNORD-host RNA Zfas1 is a regulator of mammary development and a potential marker for breast cancer. RNA 17, 878–891. doi: 10.1261/rna.2528811

Balu, R. (2014). Inflammation and immune system activation after traumatic brain injury. Curr. Neurol. Neurosci. Rep. 14:484. doi: 10.1007/s11910-014-0484-2

Barry, G., Briggs, J. A., Hwang, D. W., Nayler, S. P., Fortuna, P. R., Jonkhout, N., et al. (2017). The long non-coding RNA NEAT1 is responsive to neuronal activity and is associated with hyperexcitability states. Sci. Rep. 7:40127. doi: 10.1038/srep40127

Bedi, S. S., Aertker, B. M., Liao, G. P., Caplan, H. W., Bhattarai, D., Mandy, F., et al. (2018). Therapeutic time window of multipotent adult progenitor therapy after traumatic brain injury. J. Neuroinflammation 15:84. doi: 10.1186/s12974-018-1122-8

Beermann, J., Piccoli, M. T., Viereck, J., and Thum, T. (2016). Non-coding RNAs in development and disease: background, mechanisms, and therapeutic approaches. Physiol. Rev. 96, 1297–1325. doi: 10.1152/physrev.00041.2015

Benarroch, E. E. (2013). Microglia: multiple roles in surveillance, circuit shaping, and response to injury. Neurology 81, 1079–1088.

Binabaj, M. M., Bahrami, A., Bahreyni, A., Shafiee, M., Rahmani, F., Khazaei, M., et al. (2018). The prognostic value of long noncoding RNA MEG3 expression in the survival of patients with cancer: a meta-analysis. J. Cell Biochem. 119, 9583–9590. doi: 10.1002/jcb.27276

Bock, F. J., Peintner, L., Tanzer, M., Manzl, C., and Villunger, A. (2012). P53-induced protein with a death domain (PIDD): master of puppets? Oncogene 31, 4733–4739. doi: 10.1038/onc.2011.639

Boros, F. A., Maszlag-Török, R., Vécsei, L., and Klivényi, P. (2021). Increased level of NEAT1 long non-coding RNA is detectable in peripheral blood cells of patients with Parkinson’s disease. Brain Res. 1730:146672. doi: 10.1016/j.brainres.2020.146672

Braconi, C., Kogure, T., Valeri, N., Huang, N., Nuovo, G., Costinean, S., et al. (2011). microRNA-29 can regulate expression of the long non-coding RNA gene MEG3 in hepatocellular cancer. Oncogene 30, 4750–4756. doi: 10.1038/onc.2011.193

Brazinova, A., Rehorcikova, V., Taylor, M. S., Buckova, V., Majdan, M., Psota, M., et al. (2021). Epidemiology of traumatic brain injury in europe: a living systematic review. J. Neurotrauma 38, 1411–1440. doi: 10.1089/neu.2015.4126

Breunig, J. J., Marie-Victoire, G.-S., and Terrence, T. (2013). Brain injury, neuroinflammation and Alzheimer’s disease. Front. Aging Neurosci. 5:26. doi: 10.3389/fnagi.2013.00026

Burda, J. E., Bernstein, A. M., and Sofroniew, M. V. (2016). Astrocyte roles in traumatic brain injury. Exp. Neurol. 275 Pt 3, 305–315. doi: 10.1016/j.expneurol.2015.03.020

Butcher, I., McHugh, G. S., Lu, J., Steyerberg, E. W., Hernández, A. V., Mushkudiani, N., et al. (2007). Prognostic value of cause of injury in traumatic brain injury: results from the IMPACT study. J. Neurotrauma 24, 281–286. doi: 10.1089/neu.2006.0030

Byrnes, K. R., Loane, D. J., Stoica, B. A., Zhang, J., and Faden, A. I. (2012). Delayed mGluR5 activation limits neuroinflammation and neurodegeneration after traumatic brain injury. J. Neuroinflammation 9:43. doi: 10.1186/1742-2094-9-43

Campos-Pires, R., Armstrong, S. P., Sebastiani, A., Luh, C., Gruss, M., Radyushkin, K., et al. (2015). Xenon improves neurologic outcome and reduces secondary injury following trauma in an in vivo model of traumatic brain injury. Crit. Care Med. 43, 149–158. doi: 10.1097/CCM.0000000000000624

Carney, N., Totten, A. M., O’Reilly, C., Ullman, J. S., Hawryluk, G. W., Bell, M. J., et al. (2017). Guidelines for the management of severe traumatic brain injury, fourth edition. Neurosurgery 80, 6–15.

Carpenter, S., Aiello, D., Atianand, M. K., Ricci, E. P., Gandhi, P., Hall, L. L., et al. (2013). A long noncoding RNA mediates both activation and repression of immune response genes. Science 341, 789–792. doi: 10.1126/science.1240925

Carrillo-Vico, A., Murillo-Cabezas, F., Egea-Guerrero, J. J., and Rodriguez-Rodriguez, A. (2014). Oxidative stress in traumatic brain injury. Curr. Med. Chem. 21, 1201–1211.

Casili, G., Campolo, M., Paterniti, I., Lanza, M., Filippone, A., Cuzzocrea, S., et al. (2018). Dimethyl fumarate attenuates neuroinflammation and neurobehavioral deficits induced by experimental traumatic brain injury. J. Neurotrauma 35, 1437–1451. doi: 10.1089/neu.2017.5260

Chen, L. L. (2016). Linking long noncoding RNA localization and function. Trends Biochem. Sci. 41, 761–772. doi: 10.1016/j.tibs.2016.07.003

Chen, Y., Li, H. Y., Zeng, F., Chen, L., Zhou, F. Y., Peng, Z. Y., et al. (2019). LincRNA plays a role in the effect of CYP46A1 polymorphism in alzheimer’s disease – related pathology. Front. Aging Neurosci. 11:381. doi: 10.3389/fnagi.2019.00381

Chen, Y., Wei, Z., Liu, J., Xie, H., Wang, B., Wu, J., et al. (2021). Long noncoding RNA ZFAS1 aggravates spinal cord injury by binding with miR-1953 and regulating the PTEN/PI3K/AKT pathway. Neurochem. Int. 147:104977. doi: 10.1016/j.neuint.2021.104977

Cheng, S., Zhang, Y., Chen, S., and Zhou, Y. (2021). LncRNA HOTAIR participates in microglia activation and inflammatory factor release by regulating the ubiquitination of MYD88 in traumatic brain injury. J. Mol. Neurosci. 71, 169–177. doi: 10.1007/s12031-020-01623-7

Corrigan, F., Mander, K. A., Leonard, A. V., and Vink, R. (2016). Neurogenic inflammation after traumatic brain injury and its potentiation of classical inflammation. J. Neuroinflammation 13:264. doi: 10.1186/s12974-016-0738-9

D’Agostino, P. M., Gottfried-Blackmore, A., Anandasabapathy, N., and Bulloch, K. (2012). Brain dendritic cells: biology and pathology. Acta Neuropathol. 124, 599–614. doi: 10.1007/s00401-012-1018-0

Di Padova, F., Quesniaux, V. F. J., and Ryffel, B. (2018). MyD88 as a therapeutic target for inflammatory lung diseases. Expert Opin. Ther. Targets 22, 401–408. doi: 10.1080/14728222.2018.1464139

Dixon, K. J. (2017). Pathophysiology of traumatic brain injury. Phys. Med. Rehabil. Clin. N. Am. 28, 215–225.

Dong, D., Mu, Z., Zhao, C., and Sun, M. (2018). ZFAS1: a novel tumor-related long non-coding RNA. Cancer Cell Int. 18:125. doi: 10.1186/s12935-018-0623-y

ENCODE Project Consortium (2012). An integrated encyclopedia of DNA elements in the human genome. Nature 489, 57–74. doi: 10.1038/nature11247

Fabene, P. F., Navarro Mora, G., Martinello, M., Rossi, B., Merigo, F., Ottoboni, L., et al. (2008). A role for leukocyte-endothelial adhesion mechanisms in epilepsy. Nat. Med. 14, 1377–1383. doi: 10.1038/nm.1878

Fatica, A., and Bozzoni, I. (2014). Long non-coding RNAs: new players in cell differentiation and development. Nat. Rev. Genet. 15, 7–21. doi: 10.1038/nrg3606

Feng, J., Zhou, Z., Feng, R., Zeng, C., Wei, M., and Hong, T. (2021). Silencing long non-coding RNA zinc finger antisense 1 restricts secondary cerebral edema and neuron injuries after traumatic brain injury. Neurosci. Lett. 756:135958. doi: 10.1016/j.neulet.2021.135958

Ferrè, F., Colantoni, A., and Helmer-Citterich, M. (2016). Revealing protein-lncRNA interaction. Brief. Bioinform. 17, 106–116. doi: 10.1093/bib/bbv031

Flynn, R. A., and Chang, H. Y. (2014). Long noncoding RNAs in cell-fate programming and reprogramming. Cell Stem Cell 14, 752–761. doi: 10.1016/j.stem.2014.05.014

Gaddam, S. S., Buell, T., and Robertson, C. S. (2015). Systemic manifestations of traumatic brain injury. Handb. Clin. Neurol. 127, 205–218. doi: 10.1016/B978-0-444-52892-6.00014-3

Gao, G., Wu, X., Feng, J., Hui, J., Mao, Q., Lecky, F., et al. (2020). Clinical characteristics and outcomes in patients with traumatic brain injury in China: a prospective, multicentre, longitudinal, observational study. Lancet Neurol. 19, 670–677. doi: 10.1016/S1474-4422(20)30182-4

Gao, H., Song, X., Kang, T., Yan, B., Feng, L., Gao, L., et al. (2017). Long noncoding RNA CRNDE functions as a competing endogenous RNA to promote metastasis and oxaliplatin resistance by sponging miR-136 in colorectal cancer. Onco Targets Ther. 10, 205–216. doi: 10.2147/OTT.S116178

Gao, Z. Q., Wang, J. F., Chen, D. H., Ma, X. S., Yang, W., Zhe, T., et al. (2018). Long non-coding RNA GAS5 antagonizes the chemoresistance of pancreatic cancer cells through down-regulation of miR-181c-5p. Biomed. Pharmacother. 97, 809–817. doi: 10.1016/j.biopha.2017.10.157

Gast, M., Rauch, B. H., Haghikia, A., Nakagawa, S., Haas, J., Stroux, A., et al. (2019). Long noncoding RNA NEAT1 modulates immune cell functions and is suppressed in early onset myocardial infarction patients. Cardiovasc. Res. 115, 1886–1906. doi: 10.1093/cvr/cvz085

GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators (2019b). Global, regional, and national burden of traumatic brain injury and spinal cord injury, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 18, 56–87. doi: 10.1016/S1474-4422(18)30415-0

Ghattas, E. B., Patel, R. S., Gay, C., Vyshakh, S., Patel, A. A., Song, S., et al. (2016). MALAT1 in human adipose stem cells modulates survival and alternative splicing of PKCδII in HT22 Cells. Endocrinology 158, 183–195. doi: 10.1210/en.2016-1819

Ghirnikar, R. S., Lee, Y. L., and Eng, L. F. (1998). Inflammation in traumatic brain injury: role of cytokines and chemokines. Neurochem. Res. 23, 329–340. doi: 10.1023/a:1022453332560

Guttman, M., Amit, I., Garber, M., French, C., Lin, M. F., Feldser, D., et al. (2009). Chromatin signature reveals over a thousand highly conserved large non-coding RNAs in mammals. Nature 458, 223–227. doi: 10.1038/nature07672

Hao, J., Campagnolo, D., Liu, R., Piao, W., Shi, S., Hu, B., et al. (2011). Interleukin-2/interleukin-2 antibody therapy induces target organ natural killer cells that inhibit central nervous system inflammation. Ann. Neurol. 69, 721–734. doi: 10.1002/ana.22339

Hao, J., Liu, R., Piao, W., Zhou, Q., Vollmer, T. L., Campagnolo, D. I., et al. (2010). Central nervous system (CNS)-resident natural killer cells suppress Th17 responses and CNS autoimmune pathology. J. Exp. Med. 207, 1907–1921. doi: 10.1084/jem.20092749

He, B., Chen, W., Zeng, J., Tong, W., and Zheng, P. (2021). Long noncoding RNA NKILA transferred by astrocyte-derived extracellular vesicles protects against neuronal injury by upregulating NLRX1 through binding to mir-195 in traumatic brain injury. Aging (Albany N. Y.) 13, 8127–8145. doi: 10.18632/aging.202618

Hiebert, J. B., Shen, Q., Thimmesch, A. R., and Pierce, J. D. (2015). Traumatic brain injury and mitochondrial dysfunction. Am. J. Med. Sci. 350, 132–138. doi: 10.1097/MAJ.0000000000000506

Hirose, T., Virnicchi, G., Tanigawa, A., Naganuma, T., Li, R., Kimura, H., et al. (2014). NEAT1 long noncoding RNA regulates transcription via protein sequestration within subnuclear bodies. Mol. Biol. Cell 25, 169–183. doi: 10.1091/mbc.E13-09-0558

Hopp, S., Nolte, M. W., Stetter, C., Kleinschnitz, C., Sirén, A.-L., and Albert-Weissenberger, C. (1998). Alleviation of secondary brain injury, posttraumatic inflammation, and brain edema formation by inhibition of factor XIIa. J. Neuroinflammation 14:39. doi: 10.1186/s12974-017-0815-8

Houseley, J., Rubbi, L., Grunstein, M., Tollervey, D., and Vogelauer, M. (2008). A ncRNA modulates histone modification and mRNA induction in the yeast GAL gene cluster. Mol. Cell 32, 685–695. doi: 10.1016/j.molcel.2008.09.027

Huang, D., Chen, J., Yang, L., Ouyang, Q., Li, J., Lao, L., et al. (2018). NKILA lncRNA promotes tumor immune evasion by sensitizing T cells to activation-induced cell death. Nat. Immunol. 19, 1112–1125. doi: 10.1038/s41590-018-0207-y

Huang, X., Zhang, W., and Shao, Z. (2018). Association between long non-coding RNA polymorphisms and cancer risk: a meta-analysis. Biosci. Rep. 38:BSR20180365.

Imamura, K., and Akimitsu, N. (2014). Long non-coding RNAs involved in immune responses. Front. Immunol. 5:573. doi: 10.3389/fimmu.2014.00573

Imamura, K., Imamachi, N., Akizuki, G., Kumakura, M., Kawaguchi, A., Nagata, K., et al. (2014). Long noncoding RNA NEAT1-dependent SFPQ relocation from promoter region to paraspeckle mediates IL8 expression upon immune stimuli. Mol. Cell 53, 393–406. doi: 10.1016/j.molcel.2014.01.009

Irrera, N., Pizzino, G., Calo, M., Pallio, G., Mannino, F., Fama, F., et al. (2017). Lack of the Nlrp3 inflammasome improves mice recovery following traumatic brain injury. Front. Pharmacol. 8:459. doi: 10.3389/fphar.2017.00459

Iyer, M. K., Niknafs, Y. S., Malik, R., Singhal, U., Sahu, A., Hosono, Y., et al. (2015). The landscape of long noncoding RNAs in the human transcriptome. Nat. Genet. 47, 199–208. doi: 10.1038/ng.3192

Jang, S. H., and Seo, Y. S. (2020). Complete monoplegia due to limb-kinetic apraxia in a patient with traumatic brain injury: a case report. Medicine 99:e22452. doi: 10.1097/MD.0000000000022452

Jassam, Y. N., Izzy, S., Whalen, M., McGavern, D. B., and El Khoury, J. (2017). Neuroimmunology of traumatic brain injury: time for a paradigm shift. Neuron 95, 1246–1265. doi: 10.1016/j.neuron.2017.07.010

Jha, R. M., Kochanek, P. M., and Simard, J. M. (2019). Pathophysiology and treatment of cerebral edema in traumatic brain injury. Neuropharmacology 145, 230–246. doi: 10.1016/j.neuropharm.2018.08.004

Ji, P., Diederichs, S., Wang, W., Böing, S., Metzger, R., Schneider, P. M., et al. (2003). MALAT-1, a novel noncoding RNA, and thymosin beta4 predict metastasis and survival in early-stage non-small cell lung cancer. Oncogene 22, 8031–8041. doi: 10.1038/sj.onc.1206928

Jia, J., Zhang, M., Li, Q., Zhou, Q., and Jiang, Y. (2018). Long noncoding ribonucleic acid NKILA induces the endoplasmic reticulum stress/autophagy pathway and inhibits the nuclear factor-k-gene binding pathway in rats after intracerebral hemorrhage. J. Cell Physiol. 233, 8839–8849. doi: 10.1002/jcp.26798

Jiang, J. Y., Gao, G. Y., Feng, J. F., Mao, Q., Chen, L. G., Yang, X. F., et al. (2019). Traumatic brain injury in China. Lancet Neurol. 18, 286–295.

Jing, Y., Yang, D. X., Wang, W., Yuan, F., Chen, H., Ding, J., et al. (2020). Aloin protects against blood-brain barrier damage after traumatic brain injury in mice. Neurosci. Bull. 36, 625–638. doi: 10.1007/s12264-020-00471-0

Johnsson, P., Lipovich, L., Grandér, D., and Morris, K. V. (2014). Evolutionary conservation of long non-coding RNAs; sequence, structure, function. Biochim. Biophys. Acta 1840, 1063–1071. doi: 10.1016/j.bbagen.2013.10.035

Kanapathipillai, M. (2018). Treating p53 mutant aggregation-associated cancer. Cancers (Basel) 10, 154. doi: 10.3390/cancers10060154

Kanduri, C. (2011). Kcnq1ot1: a chromatin regulatory RNA. Semin. Cell Dev. Biol. 22, 343–350. doi: 10.1016/j.semcdb.2011.02.020

Kaur, P., and Sharma, S. (2018). Recent advances in pathophysiology of traumatic brain injury. Curr. Neuropharmacol. 16, 1224–1238. doi: 10.2174/1570159X15666170613083606

Ke, S., Li, R. C., Meng, F. K., and Fang, M. H. (2018). NKILA inhibits NF-κB signaling and suppresses tumor metastasis. Aging (Albany NY) 10, 56–71. doi: 10.18632/aging.101359

Kernie, S. G., Erwin, T. M., and Parada, L. F. (2001). Brain remodeling due to neuronal and astrocytic proliferation after controlled cortical injury in mice. J. Neurosci. Res. 66, 317–326. doi: 10.1002/jnr.10013

Khorkova, O., Hsiao, J., and Wahlestedt, C. (2015). Basic biology and therapeutic implications of lncRNA. Adv. Drug Deliv. Rev. 87, 15–24. doi: 10.1016/j.addr.2015.05.012

Kim, T., Xu, Z., Clauder-Münster, S., Steinmetz, L. M., and Buratowski, S. (2012). Set3 HDAC mediates effects of overlapping noncoding transcription on gene induction kinetics. Cell 150, 1158–1169. doi: 10.1016/j.cell.2012.08.016

Klec, C., Prinz, F., and Pichler, M. (2019). Involvement of the long noncoding RNA NEAT1 in carcinogenesis. Mol. Oncol. 13, 46–60. doi: 10.1002/1878-0261.12404

Kumar, A., and Loane, D. J. (2012). Neuroinflammation after traumatic brain injury: opportunities for therapeutic intervention. Brain Behav. Immun. 26, 1191–1201. doi: 10.1016/j.bbi.2012.06.008

Kumar, A., Stoica, B. A., Loane, D. J., Yang, M., Abulwerdi, G., Khan, N., et al. (2017). Microglial-derived microparticles mediate neuroinflammation after traumatic brain injury. J. Neuroinflammation 14:47.

Lafourcade, C., Ramírez, J. P., Luarte, A., Fernández, A., and Wyneken, U. (2016). MiRNAs in astrocyte-derived exosomes as possible mediators of neuronal plasticity. J. Exp. Neurosci. 10, 1–9. doi: 10.4137/JEN.S39916

Lalor, S. J., Dungan, L. S., Sutton, C. E., Basdeo, S. A., Fletcher, J. M., and Mills, K. H. (2011). Caspase-1-processed cytokines IL-1beta and IL-18 promote IL-17 production by gammadelta and CD4 T cells that mediate autoimmunity. J. Immunol. 186, 5738–5748. doi: 10.4049/jimmunol.1003597

Lee, C., and Kikyo, N. (2012). Strategies to identify long noncoding RNAs involved in gene regulation. Cell Biosci. 2:37. doi: 10.1186/2045-3701-2-37

Li, M., and Sirko, S. (2018). Traumatic brain injury: at the crossroads of neuropathology and common metabolic endocrinopathies. J. Clin. Med. 7:59. doi: 10.3390/jcm7030059

Li, S., Li, Y., Chen, B., Zhao, J., Yu, S., Tang, Y., et al. (2018). exoRBase: a database of circRNA, lncRNA and mRNA in human blood exosomes. Nucleic Acids Res. 46, D106–D112. doi: 10.1093/nar/gkx891

Li, Z., Li, J., and Tang, N. (2017). Long noncoding RNA Malat1 is a potent autophagy inducer protecting brain microvascular endothelial cells against oxygen-glucose deprivation/reoxygenation-induced injury by sponging miR-26b and upregulating ULK2 expression. Neuroscience 354, 1–10. doi: 10.1016/j.neuroscience.2017.04.017

Lin, M., Pedrosa, E., Shah, A., Hrabovsky, A., Maqbool, S., Zheng, D., et al. (2011). RNA-Seq of human neurons derived from iPS cells reveals candidate long non-coding RNAs involved in neurogenesis and neuropsychiatric disorders. PLoS One 6:e23356. doi: 10.1371/journal.pone.0023356

Liu, B., Sun, L., Liu, Q., Gong, C., Yao, Y., Lv, X., et al. (2015). A cytoplasmic NF-κB interacting long noncoding RNA blocks IκB phosphorylation and suppresses breast cancer metastasis. Cancer Cell 27, 370–381. doi: 10.1016/j.ccell.2015.02.004

Liu, D., Ou, L., Clemenson, G. D. Jr., Chao, C., Lutske, M. E., Zambetti, G. P., et al. (2010). Puma is required for p53-induced depletion of adult stem cells. Nat. Cell Biol. 12, 993–998. doi: 10.1038/ncb2100

Liu, J., Li, Q., Zhang, K. S., Hu, B., Niu, X., Zhou, S. M., et al. (2017). Downregulation of the long non-coding RNA Meg3 promotes angiogenesis after ischemic brain injury by activating notch signaling. Mol. Neurobiol. 54, 8179–8190. doi: 10.1007/s12035-016-0270-z

Liu, N., Sun, H., Li, X., Cao, W., Peng, A., Dong, S., et al. (2021). Downregulation of lncRNA KCNQ1OT1 relieves traumatic brain injury induced neurological deficits via promoting “M2” microglia polarization. Brain Res. Bull. 171, 91–102. doi: 10.1016/j.brainresbull.2021.03.004

Liu, Q., Ju, W. K., Crowston, J. G., Xie, F., Perry, G., Smith, M. A., et al. (2007). Oxidative stress is an early event in hydrostatic pressure induced retinal ganglion cell damage. Invest. Ophthalmol. Vis. Sci. 48, 4580–4589. doi: 10.1167/iovs.07-0170

Loane, D. J., and Faden, A. I. (2010). Neuroprotection for traumatic brain injury: translational challenges and emerging therapeutic strategies. Trends Pharmacol. Sci. 31, 596–604. doi: 10.1016/j.tips.2010.09.005

Lu, X., Fang, Y., Wang, Z., Xie, J., Zhan, Q., Deng, X., et al. (2013). Downregulation of gas5 increases pancreatic cancer cell proliferation by regulating CDK6. Cell Tissue Res. 354, 891–896. doi: 10.1007/s00441-013-1711-x

Lu, Z., Chen, Z., Li, Y., Wang, J., Zhang, Z., Che, Y., et al. (2018). TGF-β-induced NKILA inhibits ESCC cell migration and invasion through NF-κB/MMP14 signaling. J. Mol. Med. (Berl) 96, 301–313. doi: 10.1007/s00109-018-1621-1

Ma, L., Bajic, V. B., and Zhang, Z. (2013). On the classification of long non-coding RNAs. RNA Biol. 10, 925–933.

Maas, A. I. R., Menon, D. K., Adelson, P. D., Andelic, N., Bell, M. J., Belli, A., et al. (2017). Traumatic brain injury: integrated approaches to improve prevention, clinical care, and research. Lancet Neurol. 16, 987–1048.

Mas-Ponte, D., Carlevaro-Fita, J., Palumbo, E., Hermoso Pulido, T., Guigo, R., and Johnson, R. (2017). LncATLAS database for subcellular localization of long noncoding RNAs. RNA 23, 1080–1087. doi: 10.1261/rna.060814.117

Matsui, M., and Corey, D. R. (2017). Non-coding RNAs as drug targets. Nat. Rev. Drug Discov. 16, 167–179.

Mattick, J. S., and Rinn, J. L. (2015). Discovery and annotation of long noncoding RNAs. Nat. Struct. Mol. Biol. 22, 5–7. doi: 10.1038/nsmb.2942

Mayama, T., Marr, A. K., and Kino, T. (2016). Differential expression of glucocorticoid receptor noncoding RNA repressor gas5 in autoimmune and inflammatory diseases. Horm. Metab. Res. 48, 550–557. doi: 10.1055/s-0042-106898

McKee, C. A., and Lukens, J. R. (2016). Emerging roles for the immune system in traumatic brain injury. Front. Immunol. 7:556. doi: 10.3389/fimmu.2016.00556

Meng, J., Ding, T., Chen, Y., Long, T., Xu, Q., Lian, W., et al. (2021). LncRNA-Meg3 promotes Nlrp3-mediated microglial inflammation by targeting miR-7a-5p. Int. Immunopharmacol. 90:107141. doi: 10.1016/j.intimp.2020.107141

Mercer, T. R., Dinger, M. E., and Mattick, J. S. (2009). Long non-coding RNAs: insights into functions. Nat. Rev. Genet. 10, 155–159.

Merrill, J. E., and Benveniste, E. N. (1996). Cytokines in inflammatory brain lesions: helpful and harmful. Trends Neurosci. 19, 331–338. doi: 10.1016/0166-2236(96)10047-3

Miao, X., and Liang, A. (2018). Knockdown of long noncoding RNA GAS5 attenuates H(2) O(2) -induced damage in retinal ganglion cells through upregulating miR-124: potential role in traumatic brain injury. J. Cell Biochem. 120, 2313–2322. doi: 10.1002/jcb.27560

Miladi, M., Sokhoyan, E., Houwaart, T., Heyne, S., Costa, F., Grüning, B., et al. (2019). GraphClust2: annotation and discovery of structured RNAs with scalable and accessible integrative clustering. Gigascience 8:giz150. doi: 10.1093/gigascience/giz150

Miller, D. H., Khan, O. A., Sheremata, W. A., Blumhardt, L. D., Rice, G. P., Libonati, M. A., et al. (2003). A controlled trial of natalizumab for relapsing multiple sclerosis. N. Engl. J. Med. 348, 15–23.

Modarresi, F., Faghihi, M. A., Lopez-Toledano, M. A., Fatemi, R. P., Magistri, M., Brothers, S. P., et al. (2012). Inhibition of natural antisense transcripts in vivo results in gene-specific transcriptional upregulation. Nat. Biotechnol. 30, 453–459. doi: 10.1038/nbt.2158

Mondal, T., Subhash, S., Vaid, R., Enroth, S., Uday, S., Reinius, B., et al. (2015). MEG3 long noncoding RNA regulates the TGF-β pathway genes through formation of RNA-DNA triplex structures. Nat. Commun. 6:7743.

Mondello, S., Sorinola, A., Czeiter, E., Vámos, Z., Amrein, K., Synnot, A., et al. (2021). Blood-based protein biomarkers for the management of traumatic brain injuries in adults presenting to emergency departments with mild brain injury: a living systematic review and meta-analysis. J. Neurotrauma 38, 1086–1106. doi: 10.1089/neu.2017.5182

Morganti, J. M., Jopson, T. D., Liu, S., Riparip, L. K., Guandique, C. K., Gupta, N., et al. (2015). CCR2 antagonism alters brain macrophage polarization and ameliorates cognitive dysfunction induced by traumatic brain injury. J. Neurosci. 35, 748–760. doi: 10.1523/JNEUROSCI.2405-14.2015

National Bureau of Statistics of People’s Republic of China (2018). China Statistical Yearbook. Beijing: China Statistics Press.

Needham, E. J., Helmy, A., Zanier, E. R., Jones, J. L., Coles, A. J., and Menon, D. K. (2019). The immunological response to traumatic brain injury. J. Neuroimmunol. 332, 112–125.

Ni, W., Yao, S., Zhou, Y., Liu, Y., Huang, P., Zhou, A., et al. (2019). Long noncoding RNA GAS5 inhibits progression of colorectal cancer by interacting with and triggering YAP phosphorylation and degradation and is negatively regulated by the m(6)A reader YTHDF3. Mol. Cancer 18:143. doi: 10.1186/s12943-019-1079-y

Nizamutdinov, D., and Shapiro, L. A. (2017). Overview of traumatic brain injury: an immunological context. Brain Sci. 7:11. doi: 10.3390/brainsci7010011

Novikova, I. V., Hennelly, S. P., and Sanbonmatsu, K. Y. (2012a). Sizing up long non-coding RNAs: do lncRNAs have secondary and tertiary structure? Bioarchitecture 2, 189–199. doi: 10.4161/bioa.22592

Novikova, I. V., Hennelly, S. P., and Sanbonmatsu, K. Y. (2012b). Structural architecture of the human long non-coding RNA, steroid receptor RNA activator. Nucleic Acids Res. 40, 5034–5051. doi: 10.1093/nar/gks071

Novikova, I. V., Hennelly, S. P., Tung, C. S., and Sanbonmatsu, K. Y. (2013). Rise of the RNA machines: exploring the structure of long non-coding RNAs. J. Mol. Biol. 425, 3731–3746. doi: 10.1016/j.jmb.2013.02.030

O’Leary, R. A., and Nichol, A. D. (2018). Pathophysiology of severe traumatic brain injury. J. Neurosurg. Sci. 62, 542–548.

Pajeau, A. K. (2001). Somatosensory evoked potentials as predictors of outcome in patients with acute diffuse axonal injury. Crit. Care Med. 29, 675–677. doi: 10.1097/00003246-200103000-00043

Park, J. Y., Lee, J. E., Park, J. B., Yoo, H., Lee, S. H., and Kim, J. H. (2014). Roles of long non-coding RNAs on tumorigenesis and glioma development. Brain Tumor Res. Treat. 2, 1–6. doi: 10.14791/btrt.2014.2.1.1

Patel, N. A., Moss, L. D., Lee, J. Y., Tajiri, N., Acosta, S., Hudson, C., et al. (2018). Long noncoding RNA MALAT1 in exosomes drives regenerative function and modulates inflammation-linked networks following traumatic brain injury. J. Neuroinflammation 15:204. doi: 10.1186/s12974-018-1240-3

Pavlovic, D., Pekic, S., Stojanovic, M., and Popovic, V. (2019). Traumatic brain injury: neuropathological, neurocognitive and neurobehavioral sequelae. Pituitary 22, 270–282. doi: 10.1007/s11102-019-00957-9

Peng, J., Pang, J., Wu, Y., Xie, Y., Guo, K., Tu, T., et al. (2019). Effects of long non-coding RNA F19 on secondary brain injury after traumatic brain injury in mice. Chinese J. Trauma 3, 267–273.

Peng, L., Chen, Y., Ou, Q., Wang, X., and Tang, N. (2020). LncRNA MIAT correlates with immune infiltrates and drug reactions in hepatocellular carcinoma. Int. Immunopharmacol. 89:107071. doi: 10.1016/j.intimp.2020.107071

Pickard, M. R., Mourtada-Maarabouni, M., and Williams, G. T. (2013). Long non-coding RNA GAS5 regulates apoptosis in prostate cancer cell lines. Biochim. Biophys. Acta 1832, 1613–1623. doi: 10.1016/j.bbadis.2013.05.005

Polman, C. H., O’Connor, P. W., Havrdova, E., Hutchinson, M., Kappos, L., Miller, D. H., et al. (2006). A randomized, placebo-controlled trial of natalizumab for relapsing multiple sclerosis. N. Engl. J. Med. 354, 899–910.

Ponting, C. P., Oliver, P. L., and Reik, W. (2009). Evolution and functions of long noncoding RNAs. Cell 136, 629–641. doi: 10.1016/j.cell.2009.02.006

Prinz, F., Kapeller, A., Pichler, M., and Klec, C. (2019). The implications of the long non-coding RNA NEAT1 in non-cancerous diseases. Int. J. Mol. Sci. 20:627. doi: 10.3390/ijms20030627

Qian, X., Zhao, J., Yeung, P. Y., Zhang, Q. C., and Kwok, C. K. (2019). Revealing lncRNA structures and interactions by sequencing-based approaches. Trends Biochem. Sci. 44, 33–52. doi: 10.1016/j.tibs.2018.09.012

Ranzani, V., Rossetti, G., Panzeri, I., Arrigoni, A., Bonnal, R. J., Curti, S., et al. (2015). The long intergenic noncoding RNA landscape of human lymphocytes highlights the regulation of T cell differentiation by linc-MAF-4. Nat. Immunol. 16, 318–325. doi: 10.1038/ni.3093

Ren, D., Chen, W., Cao, K., Wang, Z., and Zheng, P. (2020). Expression profiles of long non-coding RNA and messenger RNA in human traumatic brain injury. Mol. Ther. Nucleic Acids 22, 99–113. doi: 10.1016/j.omtn.2020.08.012

Rhodes, J. (2011). Peripheral immune cells in the pathology of traumatic brain injury? Curr. Opin. Crit. Care 17, 122–130. doi: 10.1097/MCC.0b013e3283447948

Rinn, J. L., Kertesz, M., Wang, J. K., Squazzo, S. L., Xu, X., Brugmann, S. A., et al. (2007). Functional demarcation of active and silent chromatin domains in human HOX loci by noncoding RNAs. Cell 129, 1311–1323. doi: 10.1016/j.cell.2007.05.022

Rothwell, N. (2003). Interleukin-1 and neuronal injury: mechanisms, modification, and therapeutic potential. Brain Behav. Immunity 17, 152–157.

Rubiano, A. M., Carney, N., Chesnut, R., and Puyana, J. C. (2015). Global neurotrauma research challenges and opportunities. Nature 527, S193–S197. doi: 10.1038/nature16035

Rufino-Ramos, D., Albuquerque, P. R., Carmona, V., Perfeito, R., Nobre, R. J., Pereira, et al. (2017). Extracellular vesicles: novel promising delivery systems for therapy of brain diseases. J. Control. Release 262, 247–258. doi: 10.1016/j.jconrel.2017.07.001

Saber, M., Giordano, K. R., Hur, Y., Ortiz, J. B., Morrison, H., Godbout, J. P., et al. (2020). Acute peripheral inflammation and post-traumatic sleep differ between sexes after experimental diffuse brain injury. Eur. J. Neurosci. 52, 2791–2814. doi: 10.1111/ejn.14611

Schneider, C., King, R. M., and Philipson, L. (1988). Genes specifically expressed at growth arrest of mammalian cells. Cell 54, 787–793. doi: 10.1016/s0092-8674(88)91065-3

Sendler, E., Johnson, G. D., Mao, S., Goodrich, R. J., Diamond, M. P., Hauser, R., et al. (2013). Stability, delivery and functions of human sperm RNAs at fertilization. Nucleic Acids Res. 41, 4104–4117. doi: 10.1093/nar/gkt132

Shao, H. F., Li, Z. Z., Zheng, X. F., Wang, H. J., Wang, Y. G., Ma, Z. L., et al. (2019). Research on the correlation of changes in plasma lncRNA MEG3 with change in inflammatory factors and prognosis in patients with traumatic brain injury. Eur. Rev. Med. Pharmacol. Sci. 23, 4341–4347. doi: 10.26355/eurrev_201905_17940

Shi, J., Dong, B., Cao, J., Mao, Y., Guan, W., Peng, Y., et al. (2017). Long non-coding RNA in glioma: signaling pathways. Oncotarget 8, 27582–27592.

Shi, X., Sun, M., Liu, H., Yao, Y., and Song, Y. (2013). Long non-coding RNAs: a new frontier in the study of human diseases. Cancer Lett. 339, 159–166. doi: 10.1016/j.canlet.2013.06.013

Shi, X., Sun, M., Liu, H., Yao, Y., Kong, R., Chen, F., et al. (2015). A critical role for the long non-coding RNA GAS5 in proliferation and apoptosis in non-small-cell lung cancer. Mol. Carcinog. 54 Suppl 1, E1–E12. doi: 10.1002/mc.22120

Si, Y., Yang, Z., Ge, Q., Yu, L., Yao, M., Sun, X., et al. (2019). Long non-coding RNA Malat1 activated autophagy, hence promoting cell proliferation and inhibiting apoptosis by sponging miR-101 in colorectal cancer. Cell Mol. Biol. Lett. 24:50.

Simchovitz, A., Hanan, M., Niederhoffer, N., Madrer, N., Yayon, N., Bennett, E. R., et al. (2019). NEAT1 is overexpressed in Parkinson’s disease substantia nigra and confers drug-inducible neuroprotection from oxidative stress. FASEB J. 33, 11223–11234. doi: 10.1096/fj.201900830R

Simon, D. W., McGeachy, M. J., Bayir, H., Clark, R. S., Loane, D. J., and Kochanek, P. M. (2017). The far-reaching scope of neuroinflammation after traumatic brain injury. Nat. Rev. Neurol. 13, 171–191. doi: 10.1038/nrneurol.2017.13

Singh, J., Hanson, J., Paliwal, K., and Zhou, Y. (2019). RNA secondary structure prediction using an ensemble of two-dimensional deep neural networks and transfer learning. Nat. Commun. 10:5407. doi: 10.1038/s41467-019-13395-9

Sivandzade, F., Alqahtani, F., and Cucullo, L. (2020). Traumatic brain injury and blood-brain barrier (BBB): underlying pathophysiological mechanisms and the influence of cigarette smoking as a premorbid condition. Int. J. Mol. Sci. 21:2721. doi: 10.3390/ijms21082721

Soares, H. D., Hicks, R. R., Smith, D., and McIntosh, T. K. (1995). Inflammatory leukocytic recruitment and diffuse neuronal degeneration are separate pathological processes resulting from traumatic brain injury. J. Neurosci. 15, 8223–8233. doi: 10.1523/JNEUROSCI.15-12-08223.1995

Sorby-Adams, A. J., Marcoionni, A. M., Dempsey, E. R., Woenig, J. A., and Turner, R. J. (2017). The role of neurogenic inflammation in blood-brain barrier disruption and development of cerebral oedema following acute central nervous system (CNS) injury. Int. J. Mol. Sci. 18:1788. doi: 10.3390/ijms18081788

St Laurent, G., Wahlestedt, C., and Kapranov, P. (2015). The landscape of long noncoding RNA classification. Trends Genet. 31, 239–251. doi: 10.1016/j.tig.2015.03.007

Statello, L., Guo, C. J., Chen, L. L., and Huarte, M. (2021). Gene regulation by long non-coding RNAs and its biological functions. Nat. Rev. Mol. Cell Biol. 22, 96–118.

Stewart, I. B., and McKenzie, D. C. (2002). The human spleen during physiological stress. Sports Med. 32, 361–369. doi: 10.2165/00007256-200232060-00002

Stover, J. F., Schöning, B., Beyer, T. F., Woiciechowsky, C., and Unterberg, A. W. (2000). Temporal profile of cerebrospinal fluid glutamate, interleukin-6, and tumor necrosis factor-alpha in relation to brain edema and contusion following controlled cortical impact injury in rats. Neurosci. Lett. 288, 25–28. doi: 10.1016/s0304-3940(00)01187-3

Su, X. Q., Wang, X. Y., Gong, F. T., Feng, M., Bai, J. J., Zhang, R. R., et al. (2020). Oral treatment with glycyrrhizin inhibits NLRP3 inflammasome activation and promotes microglial M2 polarization after traumatic spinal cord injury. Brain Res. Bull. 158, 1–8. doi: 10.1016/j.brainresbull.2020.02.009

Sun, Q., Hao, Q., and Prasanth, K. V. (2018). Nuclear long noncoding RNAs: key regulators of gene expression. Trends Genet. 34, 142–157. doi: 10.1016/j.tig.2017.11.005

Swiezewski, S., Liu, F., Magusin, A., and Dean, C. (2009). Cold-induced silencing by long antisense transcripts of an Arabidopsis polycomb target. Nature 462, 799–802. doi: 10.1038/nature08618

Tajiri, N., Acosta, S. A., Shahaduzzaman, M., Ishikawa, H., Shinozuka, K., Pabon, M., et al. (2014). Intravenous transplants of human adipose-derived stem cell protect the brain from traumatic brain injury-induced neurodegeneration and motor and cognitive impairments: cell graft biodistribution and soluble factors in young and aged rats. J. Neurosci. 34, 313–326. doi: 10.1523/JNEUROSCI.2425-13.2014

Tan, J., Xiang, L., and Xu, G. (2019). LncRNA MEG3 suppresses migration and promotes apoptosis by sponging miR-548d-3p to modulate JAK-STAT pathway in oral squamous cell carcinoma. IUBMB Life 71, 882–890. doi: 10.1002/iub.2012

Tang, Y., Dong, X., Chen, G., Ye, W., Kang, J., Tang, Y., et al. (2020). Vagus nerve stimulation attenuates early traumatic brain injury by regulating the NF-κB/NLRP3 signaling pathway. Neurorehabil. Neural Repair. 34, 831–843. doi: 10.1177/1545968320948065

Tao, L., Li, D., Liu, H., Jiang, F., Xu, Y., Cao, Y., et al. (2018). Neuroprotective effects of metformin on traumatic brain injury in rats associated with NF-κB and MAPK signaling pathway. Brain Res. Bull. 140, 154–161. doi: 10.1016/j.brainresbull.2018.04.008

Taylor, C. A., Bell, J. M., Breiding, M. J., and Xu, L. (2017). Traumatic brain injury-related emergency department visits, hospitalizations, and deaths – United States, 2007 and 2013. MMWR Surveill. Summ. (Washington, D.C: 2002) 66, 1–16. doi: 10.15585/mmwr.ss6609a1

Thermozier, S., Hou, W., Zhang, X., Shields, D., Fisher, R., Bayir, H., et al. (2020). Anti-ferroptosis drug enhances total-body irradiation mitigation by drugs that block apoptosis and necroptosis. Radiat. Res. 193, 435–450. doi: 10.1667/RR15486.1

Theus, M. H., Brickler, T., Meza, A. L., Coutermarsh-Ott, S., Hazy, A., Gris, D., et al. (2017). Loss of NLRX1 exacerbates neural tissue damage and nf-κb signaling following brain injury. J. Immunol. 199, 3547–3558. doi: 10.4049/jimmunol.1700251

Tobin, R. P., Mukherjee, S., Kain, J. M., Rogers, S. K., Henderson, S. K., Motal, H. L., et al. (2014). Traumatic brain injury causes selective, CD74-dependent peripheral lymphocyte activation that exacerbates neurodegeneration. Acta Neuropathol. Commun. 2:143. doi: 10.1186/s40478-014-0143-5

Viet, Q. H. N., Nguyen, V. Q., Le Hoang, D. M., Thi, T. H. P., Tran, H. P., and Thi, C. H. C. (2021). Ability to regulate immunity of mesenchymal stem cells in the treatment of traumatic brain injury. Neurol. Sci. 43, 2157–2164. doi: 10.1007/s10072-021-05529-z

von Andrian, U. H., and Engelhardt, B. (2003). Alpha4 integrins as therapeutic targets in autoimmune disease. N. Engl. J. Med. 348, 68–72. doi: 10.1056/NEJMe020157

Wang, C. F., Zhao, C. C., Weng, W. J., Lei, J., Lin, Y., Mao, Q., et al. (2017). Alteration in long non-coding RNA expression after traumatic brain injury in rats. J. Neurotrauma 34, 2100–2108. doi: 10.1089/neu.2016.4642

Wang, L. Q., and Zhou, H. J. (2018). LncRNA MALAT1 promotes high glucose-induced inflammatory response of microglial cells via provoking MyD88/IRAK1/TRAF6 signaling. Sci. Rep. 8:8346. doi: 10.1038/s41598-018-26421-5

Wang, L., Bu, P., Ai, Y., Srinivasan, T., Chen, H. J., Xiang, K., et al. (2016). A long non-coding RNA targets microRNA miR-34a to regulate colon cancer stem cell asymmetric division. Elife 5:e14620. doi: 10.7554/eLife.14620

Wang, P., Xue, Y., Han, Y., Lin, L., Wu, C., Xu, S., et al. (2014). The STAT3-binding long noncoding RNA lnc-DC controls human dendritic cell differentiation. Science 344, 310–313. doi: 10.1126/science.1251456

Wang, P., Xue, Y., Han, Y., Lin, L., Wu, C., Xu, S., et al. (2019). Erratum for the report: “The STAT3-binding long noncoding RNA lnc-DC controls human dendritic cell differentiation” by P. Wang, Y. Xue, Y. Han, L. Lin, C. Wu, S. Xu, Z. Jiang, J. Xu, Q. Liu, Y. Yu, X. Cao. Science 366:eaba5539. doi: 10.1126/science.aba5539

Wang, Y., Wang, Y., Luo, W., Song, X., Huang, L., Xiao, J., et al. (2020). Roles of long non-coding RNAs and emerging RNA-binding proteins in innate antiviral responses. Theranostics 10, 9407–9424. doi: 10.7150/thno.48520

Wang, Z., and Li, X. (2013). The role of noncoding RNA in hepatocellular carcinoma. Gland Surg. 2, 25–29. doi: 10.3978/j.issn.2227-684X.2013.02.07

Wei, L., Zhang, J., Zhang, B., Geng, J., Tan, Q., Wang, L., et al. (2020). Complement C3 participates in the function and mechanism of traumatic brain injury at simulated high altitude. Brain Res. 1726:146423. doi: 10.1016/j.brainres.2019.146423

Winkler, E. A., Minter, D., Yue, J. K., and Manley, G. T. (2016). Cerebral edema in traumatic brain injury: pathophysiology and prospective therapeutic targets. Neurosurg. Clin. N. Am. 27, 473–488. doi: 10.1016/j.nec.2016.05.008

Wu, G. C., Pan, H. F., Leng, R. X., Wang, D. G., Li, X. P., Li, X. M., et al. (2015). Emerging role of long noncoding RNAs in autoimmune diseases. Autoimmun. Rev. 14, 798–805. doi: 10.1016/j.autrev.2015.05.004

Xia, L. X., Ke, C., and Lu, J. M. (2018). NEAT1 contributes to neuropathic pain development through targeting miR-381/HMGB1 axis in CCI rat models. J. Cell Physiol. 233, 7103–7111. doi: 10.1002/jcp.26526

Xu, H., Wang, Z., Li, J., Wu, H., Peng, Y., Fan, L., et al. (2017). The polarization states of microglia in TBI: a new paradigm for pharmacological intervention. Neural Plast. 2017:5405104. doi: 10.1155/2017/5405104

Xu, S., Zhu, W., Shao, M., Zhang, F., Guo, J., Xu, H., et al. (2018). Ecto-5’-nucleotidase (CD73) attenuates inflammation after spinal cord injury by promoting macrophages/microglia M2 polarization in mice. J. Neuroinflammation 15:155. doi: 10.1186/s12974-018-1183-8

Xue, Z., Zhang, Z., Liu, H., Li, W., Guo, X., Zhang, Z., et al. (2019). lincRNA-Cox2 regulates NLRP3 inflammasome and autophagy mediated neuroinflammation. Cell Death Differ. 26, 130–145. doi: 10.1038/s41418-018-0105-8

Yan, H., Rao, J., Yuan, J., Gao, L., Huang, W., Zhao, L., et al. (2017). Long non-coding RNA MEG3 functions as a competing endogenous RNA to regulate ischemic neuronal death by targeting miR-21/PDCD4 signaling pathway. Cell Death Dis. 8:3211. doi: 10.1038/s41419-017-0047-y

Yan, L., Zhou, J., Gao, Y., Ghazal, S., Lu, L., Bellone, S., et al. (2015). Regulation of tumor cell migration and invasion by the H19/let-7 axis is antagonized by metformin-induced DNA methylation. Oncogene 34, 3076–3084. doi: 10.1038/onc.2014.236

Yang, H., Liang, N., Wang, M., Fei, Y., Sun, J., Li, Z., et al. (2017). Long noncoding RNA MALAT-1 is a novel inflammatory regulator in human systemic lupus erythematosus. Oncotarget 8, 77400–77406. doi: 10.18632/oncotarget.20490

Yang, L. Y., Greig, N. H., Tweedie, D., Jung, Y. J., Chiang, Y. H., Hoffer, B. J., et al. (2020). The p53 inactivators pifithrin-μ and pifithrin-α mitigate TBI-induced neuronal damage through regulation of oxidative stress, neuroinflammation, autophagy and mitophagy. Exp. Neurol. 324:113135. doi: 10.1016/j.expneurol.2019.113135

Yang, T., Li, S., Liu, J., Yin, D., Yang, X., and Tang, Q. (2018). lncRNA-NKILA/NF-κB feedback loop modulates laryngeal cancer cell proliferation, invasion, and radioresistance. Cancer Med. 7, 2048–2063. doi: 10.1002/cam4.1405

Yang, Y.-P., Zhu-ge, D., and Jiang, Z.-J. (2018). Knockdown CRNDE alleviates LPS-induced inflammation injury via FOXM1 in WI-38 cells. Biomed. Pharmacother. 103, 1678–1687. doi: 10.1016/j.biopha.2018.04.192

Yi, H., Peng, R., Zhang, L. Y., Sun, Y., Peng, H. M., Liu, H. D., et al. (2017). LincRNA-Gm4419 knockdown ameliorates NF-κB/NLRP3 inflammasome-mediated inflammation in diabetic nephropathy. Cell Death Dis. 8:e2583. doi: 10.1038/cddis.2016.451

Yi, M., Dai, X., Li, Q., Xu, X., Chen, Y., and Wang, D. (2019). Downregulated lncRNA CRNDE contributes to the enhancement of nerve repair after traumatic brain injury in rats. Cell Cycle 18, 2332–2343. doi: 10.1080/15384101.2019.1647024

Yi, M., Li, Y., Wang, D., Zhang, Q., Yang, L., and Yang, C. (2020). KCNQ1OT1 exacerbates ischemia-reperfusion injury through targeted inhibition of miR-140-3P. Inflammation 43, 1832–1845. doi: 10.1007/s10753-020-01257-2

Ying, D., Zhou, X., Ruan, Y., Wang, L., and Wu, X. (2020). LncRNA Gm4419 induces cell apoptosis in hepatic ischemia-reperfusion injury via regulating the miR-455-SOX6 axis. Biochem. Cell Biol. 98, 474–483. doi: 10.1139/bcb-2019-0331

Yu, X., Tang, W., Yang, Y., Tang, L., Dai, R., Pu, B., et al. (2018). Long noncoding RNA NKILA enhances the anti-cancer effects of baicalein in hepatocellular carcinoma via the regulation of NF-κB signaling. Chem. Biol. Interact. 285, 48–58. doi: 10.1016/j.cbi.2018.02.027

Yu, Y., Cao, F., Ran, Q., and Wang, F. (2017). Long non-coding RNA Gm4419 promotes trauma-induced astrocyte apoptosis by targeting tumor necrosis factor α. Biochem. Biophys. Res. Commun. 491, 478–485. doi: 10.1016/j.bbrc.2017.07.021

Zampetaki, A., Albrecht, A., and Steinhofel, K. (2018). Long non-coding RNA structure and function: is there a link? Front. Physiol. 9:1201. doi: 10.3389/fphys.2018.01201

Zhang, F., Wu, L., Qian, J., Qu, B., Xia, S., La, T., et al. (2016). Identification of the long noncoding RNA NEAT1 as a novel inflammatory regulator acting through MAPK pathway in human lupus. J. Autoimmun. 75, 96–104. doi: 10.1016/j.jaut.2016.07.012

Zhang, H. S., Li, H., Zhang, D. D., Yan, H. Y., Zhang, Z. H., Zhou, C. H., et al. (2016). Inhibition of myeloid differentiation factor 88(MyD88) by ST2825 provides neuroprotection after experimental traumatic brain injury in mice. Brain Res. 1643, 130–139. doi: 10.1016/j.brainres.2016.05.003

Zhang, K., Shi, Z., Ren, Y., Han, X., Wang, J., and Hong, W. (2021). [Kcnq1ot1 promotes osteogenic differentiation and suppresses osteoclast differentiation]. Nan Fang Ke Da Xue Xue Bao 41, 31–38. doi: 10.12122/j.issn.1673-4254.2021.01.04

Zhang, L., and Wang, H. (2019). Long non-coding RNA in CNS injuries: a new target for therapeutic intervention. Mol. Ther. Nucleic Acids 17, 754–766. doi: 10.1016/j.omtn.2019.07.013

Zhang, L., Meng, X., Zhu, X. W., Yang, D. C., Chen, R., Jiang, Y., et al. (2019). Long non-coding RNAs in Oral squamous cell carcinoma: biologic function, mechanisms and clinical implications. Mol. Cancer 18:102.

Zhang, M., He, P., and Bian, Z. (2021). Long noncoding RNAs in neurodegenerative diseases: pathogenesis and potential implications as clinical biomarkers. Front. Mol. Neurosci. 14:685143. doi: 10.3389/fnmol.2021.685143

Zhang, P., Shi, L., Song, L., Long, Y., Yuan, K., Ding, W., et al. (2020). LncRNA CRNDE and lncRNA SNHG7 are promising biomarkers for prognosis in synchronous colorectal liver metastasis following hepatectomy. Cancer Manag. Res. 12, 1681–1692. doi: 10.2147/CMAR.S233147

Zhang, H. J., Wei, Q. F., Wang, S. J., Zhang, H. J., Zhang, X. Y., Geng, Q., et al. (2017a). LncRNA HOTAIR alleviates rheumatoid arthritis by targeting miR-138 and inactivating NF-κB pathway. Int. Immunopharmacol. 50, 283–290. doi: 10.1016/j.intimp.2017.06.021

Zhang, R., Xia, Y., Wang, Z., Zheng, J., Chen, Y., Li, X., et al. (2017b). Serum long non coding RNA MALAT-1 protected by exosomes is up-regulated and promotes cell proliferation and migration in non-small cell lung cancer. Biochem. Biophys. Res. Commun. 490, 406–414. doi: 10.1016/j.bbrc.2017.06.055

Zhang, X., Liu, F., Wang, Q., and Geng, Y. (2017c). Overexpressed microRNA-506 and microRNA-124 alleviate H2O2-induced human cardiomyocyte dysfunction by targeting krüppel-like factor 4/5. Mol. Med. Rep. 16, 5363–5369. doi: 10.3892/mmr.2017.7243

Zhang, X., Tang, X., Liu, K., Hamblin, M. H., and Yin, K.-J. (2017d). Long noncoding RNA Malat1 regulates cerebrovascular pathologies in ischemic stroke. J. Neurosci. 37, 1797–1806. doi: 10.1523/JNEUROSCI.3389-16.2017

Zhang, Y., Chopp, M., Meng, Y., Katakowski, M., Xin, H., Mahmood, A., et al. (2015). Effect of exosomes derived from multipluripotent mesenchymal stromal cells on functional recovery and neurovascular plasticity in rats after traumatic brain injury. J. Neurosurg. 122, 856–867. doi: 10.3171/2014.11.JNS14770

Zhao, Z., Lin, X., Tong, Y., and Li, W. (2019). Silencing lncRNA ZFAS1 or elevated microRNA-135a represses proliferation, migration, invasion and resistance to apoptosis of osteosarcoma cells. Cancer Cell Int. 19:326. doi: 10.1186/s12935-019-1049-x

Zhong, J., Jiang, L., Cheng, C., Huang, Z., Zhang, H., Liu, H., et al. (2016). Altered expression of long non-coding RNA and mRNA in mouse cortex after traumatic brain injury. Brain Res. 1646, 589–600. doi: 10.1016/j.brainres.2016.07.002

Zhong, J., Jiang, L., Huang, Z., Zhang, H., Cheng, C., Liu, H., et al. (2017). The long non-coding RNA Neat1 is an important mediator of the therapeutic effect of bexarotene on traumatic brain injury in mice. Brain Behav. Immun. 65, 183–194. doi: 10.1016/j.bbi.2017.05.001

Zhou, H. J., Wang, L. Q., Wang, D. B., Yu, J. B., Zhu, Y., Xu, Q. S., et al. (2018). Long noncoding RNA MALAT1 contributes to inflammatory response of microglia following spinal cord injury via the modulation of a miR-199b/IKKβ/NF-κB signaling pathway. Am. J. Physiol. Cell Physiol. 315, C52–C61. doi: 10.1152/ajpcell.00278.2017


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.

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.

Copyright © 2022 Wang, Li, Ding, Peng, Xiao, Chen and Cheng. 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/images/fnmol-15-835012-t002.jpg
Name Regulatory role (Function) Period of immune Biological effect References source
response
INncRNA-DC Regulates dendritic cell Inherent immune response Upregulation: Wang et al., 2014
differentiation and the binding of neuroprotection
dendritic cell-stimulated activated Downregulation:
T-cells to STAT3 and SHP1 pro-apoptosis
INncRNA MAF-4 Suppresses MAF expression and Acquired immune response Neuroprotection Ranzani et al., 2015
promotes the Th1 cell phenotype
NK cell Inhibition of Th17 cell activation and Inherent immune response Neuroprotection Hao et al., 2011
expansion of NK cells in the brain
using IL-2/anti-IL-2 monoclonal
antibody complexes
INcRNA MALAT1 Mediates exosome production and Inherent immune response Upregulation: Yang et al., 2017
inhibits IL-6 neuroprotection
Downregulation:
pro-apoptosis
IncRNA HOTAIR Regulates granulocyte maturation Inherent immune response Upregulation: Zhang et al., 2017a
and the expression of MYD88 and neuroprotection
PCSK9 Downregulation:
pro-apoptosis
INcRNA NEAT1 Regulates si-NEAT1 expression and Inherent immune response Upregulation: Imamura et al., 2014;
promotes cytokine and chemokine neuroprotection Zhang F. et al., 2016
release Downregulation:
pro-apoptosis
INcRNA GAS5 Regulates GRE and GR expression Inherent immune response Upregulation: proapoptotic Pickard et al., 2013
and ROS production Downregulation:
neuroprotection
INcRNA COX2 Regulates the MYD88 and NF-kB Inherent immune response Upregulation: pro-apoptotic Carpenter et al., 2013

signaling pathways and mediates
the release of inflammatory factors

Downregulation:
neuroprotection

IncRNA, long non-coding RNA; NK, natural killer; ROS, reactive oxygen species; Th1, T helper 1 cell.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Research Progress on the Inflammatory Effects of Long Non-coding RNA in Traumatic Brain Injury



		INTRODUCTION



		MECHANISM OF TRAUMATIC BRAIN INJURY



		EPIDEMIOLOGY OF TRAUMATIC BRAIN INJURY



		LONG NON-CODING RNAs



		Classification of Long Non-coding RNAs



		Structure of Long Non-coding RNAs



		Functions of Long Non-coding RNAs







		ROLE OF INFLAMMATION AND IMMUNE RESPONSES IN TRAUMATIC BRAIN INJURY



		Role of Long Non-coding RNA-Mediated Immune Responses in Traumatic Brain Injury



		Correlation of Different Long Non-coding RNAs With Inflammation in Traumatic Brain Injury



		Long Non-coding RNAs Metastasis-Associated Lung Adenocarcinoma Transcript 1



		Long Non-coding RNA Nuclear Enriched Abundant Transcript 1



		Long Non-coding RNA Gm4419



		Long Non-coding RNA Growth Arrest-Specific Transcript 5



		Long Non-coding RNA Maternally Expressed Gene 3



		Long Non-coding RNA Colorectal Neoplasia Differentially Expressed



		Long Non-coding RNA HOX Transcript Antisense RNA



		Long Non-coding RNA Zinc Finger X-Chromosomal Protein Antisense 1



		Long Non-coding RNA NF-κB-Interacting Long Non-coding RNA



		Long Non-coding RNA Potassium Voltage-Gated Channel Subfamily Q Member 1 Overlapping Transcript 1



		Long Non-coding RNA Cyclooxygenase 2



		Long Non-coding RNA F19











		TREATMENT OF TRAUMATIC BRAIN INJURY-ASSOCIATED INFLAMMATORY INJURY AND IMMUNE RESPONSE



		SUMMARY AND FUTURE PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES

















OPS/images/fnmol-15-835012-t001.jpg
Name

MALATH
NEATH
Gm4419

GAS5

MEG3

CRNDE
HOTAIR
ZFAST
NKILA
KCNQ10TH

COX2(Ptgs2)

Molecular size

8,700 nt
4,000 bp
1,730 bp

4,983 bp

1,700 nt

1,059 bp
2,148 nt
2,653 nt
2,570 nt
91,671 nt

755 bp

Ensembl ID

ENSTG378938
ENSTG283131

ENSMUSTO0000
0180671

ENSG60674

ENSG55384

ENSTG 643911
ENSTG 100124700
ENSG441951
ENSG105416157
ENSTG10984

SGD:S000007281

Gene location

119131
11913

Chr12:
21417911-21419803

1925.1

14032.3

16q12.2
12913.13
20013.13
2013
11p15.5

MT:73758-74513

Target Point

miR-199b
miR-365
P50/p61,
mir-4661
miR-21 miR-124
p50, p21
miR-548d-3p,
miR-7a-5p
ki-67
miR-195
miR-873-5p,
TRAF6
NLRP3/p65

Pathway

IKKB/NF-kB
Bax and Akt
NF-kB/ NLRP3

mTOR

JAK-STAT, NLRP3

NRDP1/MYD88
Bax/caspase-3
NF-kB

TLR4, NF-Kb

NF-Kb

References

Zhang et al., 2017b
Klec et al., 2019
Yietal., 2017

Mayama et al., 2016

Mondal et al., 2015

Gao et al., 2017
Rinn et al., 2007
Dong et al., 2018
Yuetal.,, 2018
Zhang K. et al., 2021

Xue et al., 2019

LncRNA, long non-coding RNA; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, Nucleotide-binding oligomerization domain, Leucine-Rich
repeat and pyrin domain-containing 3; Bax, Bcl-2 Associated X protein; MCP-1, Monocyte chemoattractant protein-1; TNF-a, Tumor Necrosis Factor-o; IL-18, Interleukin-
1, Bel-2, B cell lymphoma/lewkmia-2; CyclinD1, G1/S-specific cyclin-D1; IL-12, Interleukin-12; GSH, Glutathione; ROS, reactive oxygen species;, mTOR, mammalian
target of rapamycin;, GFAR dlial fibrillary acidic protein; BrdU, deoxidation uracil nucleotides bromide; NGF, Nerve growth factor; AQP4, Recombinant Aquaporin 4; BBBB,
Blood-brain barrier; Akt, Protein kinase B; JAK-STAT, Janus kinase/signal transducer and activator of transcription; IKKB, an inhibitor of nuclear factor kappa-B kinase;
NRDP1, Neurotonin receptor degrading protein 1;MYD88, myeloid differentiation factor 88; Caspase, cysteinyl aspartate specific proteinase; TLR4, Toll-like receptor 4;

TRAF6, TNF receptor-associated factor 6.





OPS/images/cover.jpg
, frontiers
In Molecular Neuroscience










OPS/images/logo.jpg
’ frontiers
in Molecular Neuroscience





OPS/images/fnmol-15-835012-g001.jpg
I Transcription start site @ Exons E Introns
*ﬁf\ IncRNA - Enhancer - Promoter
Intergenic

IncRNAs Promoter associated IncRNAs
Intronic IncRNAs
E

Sense nhancer associated
—_ a T C.

IncRNAs Exon IncRNAs

-——--’

ﬁ 1 3 9
Cbron | e | B
/ / _ 5 )
d- | Antisense IncRNA b
Divergent / Bidirection '

(<10000bp) W Antisense





OPS/images/fnmol-15-835012-g002.jpg
NGF. Brdu. GFAP.
Nestin ¥

TPUIRAD “Z-1g >

e ;»I NLRP3/NF-KB ’—

uonewwejuj

[ miR- 195 \@T . v Y
CNLRXL > CNF-kB > =‘ &
i
S
. (LDH ) «~itochondral damage>
(nernamaaTal) o e L5 ]
v D :
(@)
J ANE CanRNA KCNQlOTl)
: - CBasor>— SR ¢ ;
) A 2 _@: M2
, =
( LncRNAMEG3 }—— 7 ) ‘,
= R P@ miR-873-5p
s 7o | miR-365 | LC ( ek
T N j

;ram?:.“___ §2a50 gsasspassontaenasssan ERafsassasssasananssasassasasssatanessnsssnssssens YEEEeEs agsgaatessny : . -
i} ‘ B - >
— ‘ Gl

[
[ dg-e/-yiw j<—

@L WI-38 y






OPS/images/fnmol-15-835012-g003.jpg
Capillary

Blood-brain barrier

G-CSF. GM-CSF -

TGF-B.
TNF-o. IL- |






