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Abstract

:

Alzheimer’s disease (AD) is the most common type of dementia, but its pathogenesis is not fully understood, and effective drugs to treat or reverse the progression of the disease are lacking. Long noncoding RNAs (lncRNAs) are abnormally expressed and deregulated in AD and are closely related to the occurrence and development of AD. In addition, the high tissue specificity and spatiotemporal specificity make lncRNAs particularly attractive as diagnostic biomarkers and specific therapeutic targets. Therefore, an in-depth understanding of the regulatory mechanisms of lncRNAs in AD is essential for developing new treatment strategies. In this review, we discuss the unique regulatory functions of lncRNAs in AD, ranging from Aβ production to clearance, with a focus on their interaction with critical molecules. Additionally, we highlight the advantages and challenges of using lncRNAs as biomarkers for diagnosis or therapeutic targets in AD and present future perspectives in clinical practice.
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1. Introduction


Alzheimer’s disease (AD) is the most common type of dementia. The main pathophysiological features of AD are β-amyloid peptide (Aβ) aggregation forming senile plaques (SPs) and phosphorylated tau (p-tau) aggregation leading to neurofibrillary tangles (NFTs) [1]. The amyloid cascade hypothesis is thought to play an extremely important role in the pathogenesis of AD [2]. Aβ, as the initiating link in AD pathogenesis, can trigger a series of downstream events, such as tau protein hyperphosphorylation, oxidative stress, inflammatory response, and synaptic dysfunction [3,4,5]. Aβ oligomer theory suggests that soluble Aβ oligomers (oAβ), a major source of neurotoxicity, can cause neuronal damage at the nanomolar level [6]. Hence, Aβ has been one of the most popular targets in AD drug research. However, clinical drugs targeting Aβ have not yet produced the desired effect, and clinical diagnosis and drug treatment for Aβ are facing considerable challenges [2]. Therefore, an urgent need remains to explore further the causes of the imbalance in Aβ production and the clearance in AD patients, and to understand the molecular mechanisms underlying AD pathology better to develop new therapeutic targets.



Approximately 75% of the human genome is transcribed, but only 2% of the transcribed genes encode mRNAs with protein synthesis potential. According to the ENCODE program, the vast majority of transcripts produce lncRNAs, of which up to 40% are preferentially expressed in the brain [7,8]. Initially, lncRNAs were regarded as by-products of RNA polymerase II transcription, lacking biological function, so they were not widely appreciated [9,10]. However, sensitive and precise high-throughput gene transcriptome sequencing revealed that the expression levels of many lncRNAs are significantly altered in the brains of AD patients [11,12,13]. The expression levels of some lncRNAs in the brain, blood, or cerebrospinal fluid of AD patients correlate with the severity of the disease [13,14]. In vivo and in vitro experiments verified that lncRNAs play an important role in the Aβ cascade hypothesis, affecting the production, clearance, and neurotoxicity of Aβ. This suggests that lncRNAs play an integral role in the pathogenesis and staging of AD and may become new therapeutic targets and biomarkers for AD. Therefore, in this paper, we summarize the exact functions and related mechanisms of lncRNAs in Aβ deposition and neurotoxicity, aiming to provide a theoretical basis for lncRNAs to become diagnostic markers and therapeutic targets for AD.




2. lncRNAs


Although the human genome has been extensively transcribed, only about 2% of RNAs encode proteins [15,16]. Most expressed transcripts do not encode proteins, with transcripts of 200 nt in length usually defined as lncRNAs [17,18]. No unified standard exists for the classification of lncRNAs. According to the position of lncRNAs concerning protein-coding genes, they can be classified into five major groups [18,19,20,21]: (I) Sense lncRNA: transcribed from a protein-coding gene, transcribed in the same direction as the neighboring mRNA, and overlapping at least one protein-coding exon; (II) Antisense lncRNA: transcribed from the antisense strand of a protein-coding gene, transcribed in the opposite direction of the mRNA, often overlapping one or more protein-coding introns or exons; (III) Bidirectional lncRNA: transcription start site is closely related to the transcription start site of the protein-coding gene on the opposite strand, which is located within 1 kb of the promoter of the neighboring gene and can be transcribed from both the same and opposite directions as the neighboring mRNA; (IV) Intronic transcript lncRNA: transcribed from the intronic region of the protein-coding gene; (V) Intergenic lncRNA: transcribed from the region between two protein-coding genes, with its own promoter. Structurally, lncRNAs usually have a mC cap at the 5’ end, either with or without a poly-A tail at the 3’ end [22,23]. lncRNAs were initially regarded as unstable, but this only applies to a few lncRNAs [24], most of which are stabilized by polyadenylation [25,26]. Nonpolyadenylated lncRNAs can be stabilized by a triple-helix structure in their 3’ end [27]. These triple-helical structures at the 3’ end promote the effective nuclear export of lncRNAs and have a stabilizing effect [28]. lncRNAs are poorly conserved in sequence [29], with about 12% of lncRNAs found in organisms other than humans. Nevertheless, some lncRNAs exhibit high conservation and may play comparable roles across species [30]. Researchers recently discovered that, although some important lncRNAs show sequence or positional conservation between human and mouse embryonic stem cells, they are differently processed and thus localize to different subcellular compartments, ultimately performing different functions in mouse and human cells [31]. This study showed that lncRNA sequence conservation does not always translate into conserved functional roles and that different processing and binding molecules of lncRNAs can substantially affect their subcellular distribution and function. Many lncRNAs are found in more than one organelle or compartment [32,33], hindering assessments of lncRNA function. The regulatory mechanisms of lncRNAs are complex. As the research has progressed, evidence has suggested that lncRNAs may be involved in the epigenetic, transcription, and post-transcriptional regulation of the target gene.



The human genome encodes tens of thousands of lncRNAs, most of which are specifically expressed in the brain [8]. The results of transcriptome analysis of postmortem human brains revealed that the levels of multiple lncRNAs are significantly altered in the brains of AD patients [11,13]. In combination with the results obtained from mouse models and cell lines [34], increasing numbers of the mechanisms of action of lncRNAs associated with AD pathogenesis have been elucidated, especially in Aβ metabolism, where lncRNAs can affect Aβ production and clearance through various regulatory mechanisms [23,35], implicating lncRNAs in playing an important role in the development and progression of AD. In addition, using real-time quantitative PCR(qRT-PCR), researchers have found that these functional lncRNAs are also dysregulated in the cerebrospinal fluid and blood of AD patients and correlate with the degree of cognitive impairment in AD [36,37]. This finding not only suggests that functional lncRNAs are further involved in the pathogenesis of AD but also highlights their potential as a therapeutic target and diagnostic biomarker for AD.




3. Regulatory Effects of lncRNAs on Aβ Production


APP is a type I membrane protein widely present in various tissues and is concentrated at the synaptic sites of neurons. Its active, larger N-terminal is located outside the cell, and its shorter C-terminal is located inside the cell, where the Aβ fragment is located in the transmembrane region [38]. β-secretase first cleaves APP at the β site into an N-terminal soluble secreted amyloid precursor protein β (sAPPβ) and a C-terminal fragment C99 containing 99 amino acids. Then, γ-secretase hydrolyzes the C99 fragment in the proximal N-terminal transmembrane region to release an Aβ peptide consisting of 39–43 amino acids. This process is known as the amyloid degradation pathway of APP [38,39]. The non-amyloid degradation pathway of APP is mediated by α- and γ-secretase. At the cell membrane, APP is cleaved by α-secretase to produce an N-terminal soluble secreted amyloid precursor protein α (sAPPα) and a C-terminal fragment C83 containing 83 amino acids, which is subsequently cleaved by γ-secretase to release the APP intracellular domain (APP intracellular domain (AICD) and a non-toxic P3 protein [40,41]. Since the site of action of α-secretase is in the Aβ region, it prevents the production of Aβ.



APP is synthesized in the endoplasmic reticulum, processed and modified by the Golgi complex, and transported to the trans-Golgi network (TGN), one of the major sites of Aβ production [42]. APP can be degraded by β- and γ-secretase upon retention in the TGN to produce Aβ. Undegraded APP can be transported to the cell membrane surface via secretory vesicles generated by the TGN, where α-secretase localizes and then mediates its nonamyloid degradation pathway [42]. Unprocessed APP is internalized from the cell surface by interacting with lattice proteins near the cell membrane and adapter protein 2 (AP2) [43]. The internalized APP first forms early nuclear endosomes and is then sorted into the following pathways: (I) A small fraction of the APP molecules re-enters the cell membrane and then enters the nonamyloid processing pathway [44,45]; (II) Some APP molecules are then translocated back to the TGN or form late endosomes and enter the amyloid processing pathway [46]; (III)Another fraction of APP molecules fuses with lysosomes that are degraded [46]. lncRNAs affect the production of Aβ through different mechanisms of action (Figure 1).



3.1. lncRNA BACE1-AS


Beta-site amyloid precursor protein cleaving enzyme 1 (BACE1) is a type-I transmembrane aspartic protease consisting of 501 amino acids with a β-secretase role [47]. Although molecular genetic analysis failed to identify any genetic link between BACE1 and familial AD, its expression level and enzymatic activity were enhanced in a few brain samples from patients with early and late-onset AD [48,49]. Moreover, the knockdown of BACE1 in APP transgenic mice reduced the Aβ burden in the mouse brain to a large extent and did not affect the healthy phenotype of the mice [50]. Thus, the expression levels of the BACE1 gene closely regulate the APP processing pathway and play a key role in the pathogenesis of AD.



BACE1 antisense transcript (BACE1-AS) is a conserved long noncoding RNA 2 kb in length, and BACE1 mRNA are two transcripts from the same locus in human chromosome 11 (11q23.3), with BACE1 mRNA transcribed from the sense strand and BACE1-AS from the antisense strand [51]. BACE1-AS structurally contains a 5’ capping and a poly-A tail. BACE1-AS is highly expressed in AD patients as well as in APP transgenic mice, and BACE1-AS regulates the expression levels of BACE1 mRNA and protein both in vitro and in vivo. BACE1-AS, through different modes of action, not only enhances the stability of BACE1 mRNA but also promotes BACE1 mRNA expression, leading to increased Aβ1-42/Aβ1-40 production by APP via the amyloid processing pathway and accelerating the development of AD. BACE1-AS can pair with BACE1 mRNA to form RNA duplexes, leading to structural changes and enhanced stability of BACE1 mRNA [51]. BACE1-AS acts as ceRNA, masking the binding site of miR-485-5p on BACE1 mRNA, thus inhibiting the repressive effect of miR-485-5p on BACE1 mRNA and promoting the expression of BACE1 mRNA [52,53]. Short interfering RNA (siRNA)-mediated silencing of BACE1-AS expression in human SH-SY5Y cells in vitro attenuated the ability of BACE1 to cleave APP and reduced the production of Aβ1-42 [54]. Intracranial injection of siRNA BACE1-AS into AD model mice not only downregulated BACE1 protein levels but also significantly reduced insoluble Aβ production and improved learning and memory abilities in mice [55]. Notably, exogenous Aβ1-42 can promote BACE1-AS expression in neurons, increase the stability of BACE1 mRNA, and produce additional Aβ1-42, thus forming a positive feedback loop to promote AD development [52]. Silencing of BACE1-AS regulated autophagy through the miR-214-3p/ATG5 signaling axis and attenuated Aβ-induced neuronal injury [56]. Ge et al. found that BACE1-AS knockdown also protected neuronal cells from Aβ25-35 damage by targeting miR-132-3p [57]. These findings suggest that lncRNA BACE1-AS is a promising target for the treatment of AD.




3.2. lncRNA MAGI2-AS3


Membrane-associated guanylate kinase inverted 2 is a novel lncRNA transcribed from chromosome 7q21.11. Its expression is usually concentrated in the nucleus in SK-N-SH cells [58,59]. MAGI2-AS3 are thought to be cell viability regulators in various diseases [60,61]. MiR-374b-5p plays a vital function in neurogenesis by promoting the proliferation and differentiation of neural stem cells [62]. Zhang et al. analyzed the expressions of MAGI2-AS3 and miR-374b-5p in the serum samples of AD patients [14]. They found that the expression of MAGI2-AS3 was significantly upregulated in AD patients’ serum compared with healthy controls, whereas the miR-374b-5p levels were downregulated. Moreover, the expression level of MAGI2-AS3 positively correlated with the disease severity in AD patients, whereas the opposite was true for miR-374b-5p. Importantly, the same results were obtained for MAGI2-AS3 and miR-374b-5p expression in AD model cells constructed with Aβ. These findings suggest that serum MAGI2-AS3 may serve as a diagnostic marker for AD. Zhang et al. found that MAGI2-AS3 indirectly regulates BACE1 expression by targeting miR-374b-5p, and MAGI2-AS3 inhibition could attenuate Aβ25-35-induced neurotoxicity and neuroinflammation [14]. This suggests that other lncRNAs regulate the expression of BACE1 in addition to BACE-AS. The reversal of Aβ-induced neurotoxicity by MAGI2-AS3 knockdown may be achieved by less Aβ production.




3.3. lncRNA BC200


Brain cytoplasmic 200 (BC200), also known as brain cytoplasmic RNA1 (BCYRN1), is a long noncoding RNA containing 200 nucleotides, transcribed by RNA polymerase III and located on human chromosome 2p16 [63]. lncRNA BC200 is specifically expressed in the cytoplasm of neurons [64]. Low expression levels of lncRNA BC200 can be detected in normal tissues in general, whereas in the brain of AD patients, especially in brain regions closely associated with clinical symptoms, such as the hippocampus, the expression level of BC200 is significantly elevated. Importantly, its elevation correlates with the severity of the disease [65].



BC200 was significantly increased in AD cell models constructed using Aβ1-42; by downregulating BC200, it was able to suppress BACE1 mRNA and protein expression as well as rescue Aβ1-42-mediated cell activity reduction and cell apoptosis [66]. BC200 may be a potent positive regulator of BACE1 in AD cells and promote Aβ production. A lncRNA BC1, a mouse sequence homologous to human lncRNA BC200, normally binds to the APP mRNA coding region and inhibits APP mRNA translation. In AD mice, lncRNA BC1 expression is elevated; its ability to target the N-terminal region of FMRP disrupts the binding of FMRP to the APP mRNA coding region, thereby inducing APP translation. When BC1 is downregulated or organized, association with BC1-FMRP suppresses APP translation, thereby blocking the aggregation of Aβ in the brain and preventing memory and spatial learning impairment in AD mice [67]. The specific mechanism of action of BC200 in regulating BACE1 is unknown and needs further investigation.




3.4. lncRNA 17A


The next lncRNA is 17A, which is 159 nt in length and transcribed from chromosome 9q22.33 by RNA polymerase III [68]. It is not strictly a lncRNA in terms of length, but it maps onto intron 3 of the human G protein-coupled receptor 51 (GPR51 and GABAB2 receptor) gene in an antisense conformation. Recently, 17A was found to be highly expressed in the hippocampus and cerebral cortex of AD patients and closely associated with clinical symptoms [69,70,71], which suggests that it may play a direct or indirect role in the pathogenesis of AD.



lncRNA 17A can mask the recognition site of the trans-acting splicing regulator on GPR51 pre-mRNA by RNA pairing. This selective splicing leads to increased translation of the anti-gamma amino butyric acid B receptor 2 (GABABR2) subtype of the receptor, thereby eliminating GABA B2 intracellular signaling (i.e., inhibition of cAMP accumulation and activation of K(+) channels). In turn, this promotes Aβ production and increases the Aβ1-42/Aβ1-40 ratio [68]. Inflammatory stimuli can promote 17A synthesis, and Aβ can lead to an inflammatory environment in the brain [72], which may suggest that Aβ can further promote 17A synthesis by promoting an inflammatory response, forming a positive feedback mechanism.




3.5. LncRNA 51A


The sortilin-related receptor L1 (SORL1, commonly referred to as SORLA or LR11) gene is located on human chromosome 11q23.2-q24.2. Its encoded protein, SORL1, is a functionally unknown transmembrane neuronal sorting protein, which is specifically and abundantly expressed in neurons [73,74,75]. Katrin et al. found that in the cortical and hippocampal neurons of AD patients, SORL1 expression levels were significantly reduced [76,77]. Ma et al. also reported that the expression of SORL1 is reduced in the cerebrospinal fluid (CSF) of AD patients [78]. Furthermore, BACE1 activity detected in the CSF positively correlated with the SORL1 concentration [79]. These findings suggest a potential role for SORL1 in the pathogenesis of AD. SORL1 plays a key role in the transport and processing of APP and Aβ. SORL1 binds to APP, retaining it in the TGN and preventing APP from forming homodimers, the preferred substrate for β-secretase [80]. SORL1 prevents the transfer of APP from the TGN to the cell membrane [81]. SORL1 interacts with different cytoplasmic adapters to direct internalized APP into the TGN, thus limiting the delivery of APP to the endocytic region that facilitates amyloid processing. SORL1 interacts with Aβ and promotes lysosomal sorting of Aβ for its intracellular degradation [82]. SORL1 downregulation enhances the amyloidogenic process of APP and significantly increases the risk of sporadic Alzheimer′s disease (SAD) and familial Alzheimer′s disease (FAD) [83,84]. SORL1 has been identified as an important gene for AD.



lncRNA 51A is approximately 300 nucleotides in length and is reverse transcribed from the antisense strand of intron 1 of the SORL1 gene by RNA polymerase III. In contrast to SORL1, lncRNA 51A levels are significantly upregulated in the brains of AD patients [85]. Mechanistically, lncRNA 51A binds to the splice site of SORL1 pre-mRNA via base-pairing, resulting in a splice shift that reduces the expression of the canonical variant A [85]. Thus, SORL1, a protective gene for AD, and lncRNA 51A may play an important role in AD by suppressing the expression of canonical variant A of SORL1.




3.6. lncRNA NDM29


Neuroblastoma differentiation marker 29 (NDM29), a lncRNA transcribed by RNA polymerase III, was isolated in the context of the search for small nuclear (sn) RNA-like promoters in the human genome [86,87]. It is located in the chromosome 11p15.3 region, associated with oncogenic activity [88,89], and is an important factor driving the differentiation of neuroblastoma (NB) cells to a nonmalignant neuron-like phenotype [90,91]. A comparison of NDM29 expression in the cerebral cortex of AD patients and non-diseased control individuals revealed that NDM29 can be synthesized in normal human brains but is expressed more in the brains of AD patients [92]. Massone et al. further explored whether NDM29 expression affects the production of Aβ in neuroblastoma cells [92]. The results showed that NDM29 significantly increased APP mRNA and protein levels, while increasing β- and γ-secretase activities, thus placing APP in the amyloid processing pathway and not only causing a general increase in total amyloid secretion but also an elevated ratio of Aβ x-42 and Aβ x-40. Notably, as with lncRNA 17A, proinflammatory molecules, such as interleukin 1α (IL-1α) and tumor necrosis factor α (TNF-α), can promote the synthesis of NDM29, whereas anti-inflammatory drugs (diclofenac) can inhibit the synthesis of lncRNA NDM29.




3.7. lncRNA BDNF-AS


Brain-derived neurotrophic factor (BDNF) is the most widely distributed neurotrophic growth factor in the central nervous system. It is essential for neuronal development and survival, neurite growth and differentiation, synaptic plasticity, and neurotransmitter release [93,94,95,96,97]. Mice with a knockdown of BDNF died in the second week after birth [98]. In AD patients, the expression of mRNA and the protein level of BDNF are severely decreased in the hippocampus, temporal lobe, frontal lobe, and parietal cortex [99,100,101,102,103,104,105,106]. In addition, serum BDNF concentrations are consistently lower in AD patients compared with healthy elderly subjects [107,108,109,110,111] and correlate with MMSE [112,113,114]. Multiple lines of evidence suggest that Aβ can contribute to cognitive dysfunction and memory loss by downregulating BDNF expression [115,116,117]. Aβ reduces BDNF levels by decreasing phosphorylated cyclic adenosine monophosphate (cAMP) response element binding protein (CREB). In primary cultured neurons, BDNF pretreatment showed a potential protective effect against Aβ-induced neurotoxicity [118]. Thus, BDNF plays a key role in Aβ-induced synaptic damage in neuronal cells and cognitive dysfunction in AD patients.



The BDNF antisense transcript (BDNF-AS) is a conserved lncRNA, and BDNF mRNA are two transcripts at the same locus in human chromosome 11 (11q23.3) [119]. The transcription start site (TSS) of human BDNF-AS is located approximately 200 kb downstream of the BDNF promoter. Transcription from this site generates 16–25 splice variants of BDNF-AS with 6–8 exons. Exon 4 is common to all these variants; exon 5, containing 225 nucleotides, is fully complementary to BDNF mRNA. Thus, BDNF-AS has the potential to form an in vivo RNA–RNA duplex with BDNF mRNA through the overlap of 225 complementary nucleotides [120]. However, unlike BACE1-AS, which enhances the stability of BACE1, BDNF-AS does not affect the stability of BDNF. Specifically, BDNF-AS recruits Ezh2 (one of the components of polycomb repressive complex 2) to the BDNF promoter region to catalyze the trimethylation of histone H3-lysine 27 (H3K27met3), thereby repressing the transcription of BDNF mRNA [120]. BDNF-AS stimulates Aβ production by competitively binding miR-9-5p to promote the expression of BACE1 [121]. Guo et al. exposed PC12 cells to Aβ25-35 to establish AD model cells [122]. They found that Aβ25-35 significantly increased BDNF-AS levels and decreased BDNF levels in PC12 cells, which were accompanied by a decrease in PC12 cell viability and apoptosis induction. However, the silencing of BDNF-AS significantly upregulated the Aβ25-35-induced decrease in BDNF, increased cell viability, and inhibited apoptosis in PC12 cells. Based on these studies, we found that a positive loop forms between Aβ and BDNF-AS, which ultimately inhibits BDNF expression. Therefore, the inhibition of BDNF-AS is a promising strategy to treat AD, specifically by increasing BDNF levels.





4. Regulatory Effects of lncRNAs on Aβ Clearance


In addition to Aβ production, disorders of Aβ clearance are also a major cause of AD pathology. Aβ clearance can be accomplished by a variety of mechanisms: (I) Transport of Aβ from the ISF to the CSF via lymphatic drainage [123]; (II) Endocytosis of microglia, astrocytes, and neurons leading to degradation of Aβ in lysosomes [124,125,126,127]; (III) Transport of Aβ across the blood–brain barrier (BBB) into the circulation [123,128]; (IV) Degradation by extracellular proteases such as neurolysin (NEP), insulin-degrading enzyme (IDE), matrix metalloproteinases 9 (MMP-9), and so on [129]. lncRNAs affect the clearance of Aβ through different mechanisms of action (Figure 2).



4.1. lncRNA LRP1-AS


Low-density lipoprotein receptor-related protein 1 (LRP1) belongs to the low-density lipoprotein receptor family and is highly expressed in the brain [130,131]. LRP1 is important in Aβ clearance because it mediates the uptake and degradation of Aβ in astrocytes, microglia, and neurons [124,125,126,127]. Together with ABCB1/P-glycoprotein (P-gp), it coordinates Aβ transmigration across the BBB via cerebrovascular smooth muscle cells [128]. In vitro and in vivo studies confirmed that impairment of LRP1 endocytosis inhibits the brain clearance of Aβ. However, LRP1 not only promotes Aβ clearance via endocytosis but also binds to APP at the cell surface and promotes APP endocytic transport, thereby increasing amyloid processing. Furthermore, the C-terminal transmembrane domain of LRP1 reduces Aβ production by competing with APP for the cleavage site of β- and γ-secretase [130]. Thus, LRP1 has an important dual role in the production and clearance of Aβ. Consequently, we do not know if LRP1 is more inclined to produce Aβ or to scavenge Aβ in vivo. To analyze the net effect of LRP1 on Aβ production and clearance in vivo, Bart Van Gool et al. crossed mice with impaired LRP1 function with a mouse model of AD. They presented exact, in vivo evidence that global impairment of LRP1′s endocytosis function favors the nonamyloidogenic processing of APP due to its reduced internalization and, subsequently, reduced amyloidogenic processing. By inactivation of LRP1, the inhibitory effect on Aβ generation over-rules the simultaneous impaired Aβ clearance, resulting in less extracellular Aβ and reduced plaque deposition in a mouse model of AD.



LRP1-AS is a 1387 nt lncRNA that is a natural antisense transcript of low density lipoprotein receptor-related protein 1 (LRP1), transcribed from the opposite strand of the LRP1 gene and negatively regulates LRP1 expression [132]. Exon 2 of human LRP1-AS contains two short open reading frames (ORFs) of 141 bp (15–155 bp) and 108 bp (226–333 bp). Similarly, exon 2 of mouse LRP1-AS also contains two short ORFs of 120 bp (388 to 507) and 117 bp (675 to 791). Exon 2 of mouse LRP1-AS directly overlaps exons 5 and 6 of LRP1 by 395 bp, whereas exon 2 of human LRP1-AS directly overlaps exon 5 of LRP1 by 119 bp. LRP1/LRP1-AS has remained in a similar location throughout evolution. Yamanaka et al. found that LRP1-AS binds directly to high-mobility group box 2 (Hmgb2) and suppresses Hmgb2-enhanced Srebp1a transcriptional activity on LRP1. The function of LRP1-AS is further regulated by LRP1 mRNA, which can base pair with LRP1-AS to form an RNA duplex, preventing LRP1-AS and Hmgb2 interaction. LRP1-AS short oligonucleotides suppress antisense transcript-Hmgb2 protein interaction and enhance LRP1 expression by increasing Hmgb2 activity [132]. RNA, extracted from the frontal gyrus of AD patients and their age-matched controls, were examined by qRT-PCR, which revealed a decrease in the expression of LRP1 mRNA levels in AD patients and an increase in the levels of LRP1-AS [132]. These implicate LRP1-AS as being involved in the development of AD by repressing the transcription of LRP mRNA.




4.2. lncRNA NEAT1


Nuclear abundant transcript 1 (NEAT1) is a cytosolic-enriched lncRNA transcribed from the multiple endocrine neoplasia type 1 (MEN1) gene and is one of the lncRNAs involved in the formation and maintenance of paraspeckles [133]. Spreafico et al. found that NEAT1 expression levels were increased in the temporal cortex and hippocampus of AD patients compared with the controls [134]; thus, the role of NEAT1 in AD pathology has attracted close attention [135,136]. In the brain tissues of the AD mouse model, NEAT1 expression is increased, and miR-124 expression is decreased [85]. NEAT1, as ceRNA, up-regulates BACE1 mRNA and protein levels by regulating the miR-124/BACE1 axis. Increased Aβ, in turn, increases NEAT1 and BACE1 expression and suppresses miR-124 levels, and these effects are reversed by NEAT1 knockdown. This suggests that lncRNA NEAT1 and Aβ are in a mutually reinforcing relationship. A recent study found that NEAT1 expression is suppressed in the early stages of AD and that it inhibits neuroglial cells, mediating Aβ clearance via epigenetic regulation of the expression of endocytosis-related genes (CAV2, TGFB2, and TGFBR1) [137]. The downregulation of NEAT1 inhibits acetyl-CoA generation and the autoacetylation of P300, and then decreases H3K27 acetylation (H3K27Ac) and increases H3K27 crotonylation (H3K27Cro) near the TSS of endocytosis-associated genes, thus suppressing the expression of endocytosis-associated genes [137]. ROR1, one of the components of the Ror family, is specifically involved in neurite extension and neurogenesis and plays a key role in establishing neuronal networks. Ke et al. recently reported that NEAT1 knockdown reduces Aβ-induced neuronal damage and phosphorylated tau protein levels via the miR-146a-5p/34a-5p/ ROR1 pathway [135]. This suggests that the expression level of lncRNA NEAT1 is spatiotemporally specific, with decreased expression in the early stage of AD, leading to reduced Aβ clearance; with the accumulation of Aβ, lncRNA NEAT1 expression increases, further promoting the production of Aβ, thus forming a vicious cycle leading to the development of AD.




4.3. lncRNA XIST


X-inactive specific transcript (XIST) is a 17–19 kb long lncRNA transcribed from the XIST gene located on the X chromosome (Xq13.2). The XIST gene is a component of the XIC, the X chromosome inactivation center. XIST mediates the silencing of gene transcription on the X chromosome by recruiting specific protein complexes and plays a key role in X chromosome inactivation [138,139]. lncRNA XIST plays an essential role in AD [140].



Neurolysin (NEP), encoded by the NEP or MME gene, is an important peptidase involved in the degradation of β-amyloid protein [141]. In pathological conditions of AD, the expression level and activity of NEP decrease, and specific polymorphisms of the NEP gene increase the risk of AD [142]. As an essential neuropeptide and amyloid-degrading enzyme, NEP has become a therapeutic target for AD [143]. Recently, Yan et al. found that lncRNA XIST expression was increased in AD mice and cellular models and negatively correlated with NEP expression. The knockdown of lncRNA XIST reduced the enrichment of EZH2 and H3K27me3 in the NEP promoter region, which led to an increase in NEP expression and thus facilitated the enzymatic degradation of Aβ in cells [144]. Du et al. found that lncRNA XIST was significantly upregulated in H2O2-induced AD mouse models and N2a cells and was involved in the development of AD by positively regulating BACE1 expression through interaction with miR-124 [145]. These findings suggest that lncRNA XIST plays a key role in the production and clearance of Aβ, but the ultimate result is the promotion of Aβ accumulation.





5. Regulatory Effects of lncRNAs on Aβ-Induced Neurotoxicity


5.1. lncRNA ATB


lncRNA ATB, located on chromosome 14, is one of the most important regulatory RNAs and is overexpressed in many human cancers [146]. lncRNA ATB expression was significantly increased in the blood and CSF of AD patients and was consistently altered in an Aβ-induced AD cell model [147]. Knockdown of lncRNA-ATB suppressed Aβ-induced neurotoxicities, such as cell viability reduction, apoptosis, cytotoxicity, and oxidative stress. This was achieved through an ATB-mediated miR-200 sponge mechanism, which selectively targets zinc finger gene 217 (ZNF217) in PC12 cells. ZNF217, a member of the Krüppel-like family, is a transcription factor that plays a key regulatory role in many diseases. However, the mechanism by which it promotes Aβ-induced neurological damage in AD is currently unknown and needs further exploration [148].




5.2. lncRNA RPPH1


The ribonuclease P RNA component H1 (RPPH1), as the RNA component of ribonuclease P ribonucleoprotein, cleaves tRNA precursor molecules to produce mature tRNA [149]. In primary cultured hippocampal pyramidal neurons overexpression of lncRNA RPPH1 leads to an increase in dendritic spine density, whereas lncRNA RPPH1 knockdown has the opposite effect. Additionally, lncRNA RPPH1 regulates CDC42 expression by targeting miR-326 to increase hippocampal neuronal dendritic spines [150]. lncRNA RPPH1 was upregulated in cortical tissues from APP/PS1 double-transgenic mice [151,152]. In AD pathology, lncRNA RPPH1 enables neuroprotection through two distinct ceRNA axes: RPPH1/miR-326/Pyruvate kinase M2 (PKM2) [151] and RPPH1/miR-122/WNT1 [153]. RPPH1 attenuates Aβ25-35-induced cell viability reduction, endoplasmic reticulum stress, and apoptosis in SH-SY5Y cells [151]. RPPH1, as a ceRNA, targets and regulates miR-326 to increase the expression of PKM2. PKM2 affects cell death and apoptosis by regulating glycolytic metabolism. Wnt signaling pathway activation can block Aβ-dependent neurotoxicity, and dysfunction of the Wnt/β-catenin signaling pathway is closely associated with Aβ toxicity and BBB breakdown in AD [153,154]. Ran et al. found that lncRNA RPPH1 protected Aβ-induced neuronal injury in SK-N-SH cells via targeting miR-122 and activating downstream Wnt/β-catenin signaling [153]. These findings suggest that lncRNAs play an important part in suppressing Aβ-induced neurotoxicity.




5.3. lncRNA H19


lncRNA H19 is a conserved lncRNA, transcribed from chromosome 11p15, and is located in both the nucleus and cytoplasm of cells [155,156]. It is 2.3 kb long and consists of five exons and four small introns by splicing, 5′ methyl capping, and 3′ polyadenylation. lncRNA H19 was highly expressed in the hippocampal group of APP/PS1 double-transgenic mice [157]. To investigate the role of lncRNA H19 in AD, Zhang et al. found that lncRNA H19 expression was increased in Aβ-induced AD model cells and was mainly distributed in the cytoplasm. The suppression of H19 expression could inhibit Aβ-induced cell apoptosis, viability reduction, and oxidative stress through the miR-124/MGB1 axis [158].




5.4. lncRNA SNHG1


Small nucleolar RNA host gene 1 (SNHG1) is a newly discovered lncRNA whose coding gene is located at 11q12.3. It is highly expressed in many tumor tissues and is considered an oncogene regulating cancer progression [159]. The level of SNHG1 was also significantly elevated in Aβ-treated SK-N-SH cells. lncRNA SNHG1 knockdown attenuates the effect of Aβ on cell viability, apoptosis, neuroinflammation, and oxidative stress. This is achieved by targeting ZNF217, a factor with an essential role in Aβ-induced neurotoxicity, via a mechanism of SNHG1-mediated miR-361-3p sponge, which selectively targets the untranslated region of ZNF217 [160]. Mechanistically, Wang et al. also demonstrated the involvement of SNHG1 as a ceRNA in the pathological process of AD. Kringle-containing transmembrane protein 1 (KREMEN1) is a transmembrane receptor that has an intrinsic proapoptotic activity [161]. The knockdown of SNHG1 enhanced the inhibitory effect of miR-137 on KREMEN1 expression and subsequently attenuated Aβ25-35-induced neuronal damage.




5.5. lncRNA WT1-


Wilms tumor 1 antisense RNA(WT1-AS) is transcribed from the intron region of WT1 [162]. In tumor tissues, WT1-AS expression is regulated by methylation and aberrant splicing, and the function of WT1-AS is highly tissue- and cell-specific and closely associated with the development of a variety of tumors [163]. Recently, by analyzing the WT1-AS expression profile in the GSE4757 dataset, WT1-AS expression was found to be significantly reduced in AD; this change was also verified in the hippocampal tissue of AD mice [164]. This suggests a possible role for WT1-AS in AD. Wang et al. constructed an in vitro cell model of AD by treating SH-SY5Y with Aβ25-35 and found that WT1-AS was significantly reduced in AD model cells and was mainly expressed in the nucleus. WT1-AS could inhibit Aβ-induced apoptosis and oxidative stress injury. Additional mechanistic studies revealed that WT1-AS could negatively regulate WT1, which could directly target the promoter region of miR-375 to promote its expression, whereas miR-375 could bind to SIX4 to inhibit its expression. Therefore, lncRNA WT1-AS alleviates Aβ-induced neuron injury and apoptosis by regulating WT1 to inhibit the miR-375/SIX4 axis [164].




5.6. lncRNA EBF3-AS


Early B cell factor 3 antisense RNA (EBF3-AS) is a lncRNA containing two exons 842 nt in length, transcribed from the opposite strand of the protein-coding gene early B cell factor 3 (EBF3) on chromosome 10. Magistri et al. used RNA sequencing to find that the expression of EBF3-AS was highly differential and abundant in the brain of late-onset AD patients compared to the controls [165]. Therefore, EBF3-AS was hypothesized to be involved in regulating the development of AD. Further examination of the expression of EBF3-AS in the hippocampus of AD model mice revealed that the expression of EBF3-AS was upregulated in the hippocampal tissue of APP/PS1 mice compared with C57BL/6 mice, and the mRNA and protein expression of EBF3 was upregulated together with the expression of EBF3-AS, suggesting that EBF3 may be a downstream target gene of EBF3-AS. Similarly, the expression level of lncRNA EBF3-AS was upregulated in Aβ-induced AD model cells, and lncRNA EBF3-AS knockdown alleviated the Aβ-induced decrease in cell activity and apoptosis by downregulating EBF3 [166].




5.7. lncRNA SNHG19


In 2019, Cao et al. used gene array datasets and bioinformatics analysis to identify age- and sex-related differentially expressed lncRNAs in the AD human brain. They found for the first time that the lncRNA small nucleolar RNA host gene 19 (SNHG19) was differentially expressed in the AD human brain. Moreover, the expression of lncRNA SNHG19 was positively correlated with the Braak stage of AD [13]. Further study of its role in AD revealed that SNHG19 expression was dose-dependently upregulated in Aβ-induced SH-SY5Y cells. TNFAIP1 mRNA levels are significantly increased in the transgenic C. elegans model of AD, APP/PS1 transgenic mice, and postmortem brain tissue of AD patients [167]. TNFAIP1 promotes neurotoxicity by inhibiting AKT/CREB signaling [168,169]. SNHG19 knockdown rescued Aβ25-35-induced SH-SY5Y cytotoxicity via regulating the miR-137/TNFAIP1 axis [170].




5.8. lncRNA SOX21-AS1


SRY-Box 21 antisense RNA 1 (SOX21-AS1) is a 2986 bp lncRNA that shares a bidirectional promoter with SOX21 at human chromosome 13q32.1 [171]. Zhang et al. performed a microarray analysis of data from AD chip GSE4757 and found that SOX21-AS1 was highly expressed in AD. They constructed the AD model by injecting 1 μL of Aβ1-40 with microaggregated peptide into the hippocampal region of mice. Frizzled protein 3/5 (FZD3/5) is an essential receptor for the Wnt signaling pathway and participates in the development of the central nervous system. They found that knockdown of SOX21-AS1 upregulated the expression of FZD3/5 and activated the Wnt signaling pathway, which in turn improved learning and memory in AD mice and inhibited oxidative stress, apoptosis, and Aβ expression levels in hippocampal neurons [172]. Xu et al. found that the expression level of SOX21-AS1 was significantly elevated in an in vitro cell model of AD constructed with Aβ in a concentration- and time-dependent manner [173]. Knockdown of SOX21-AS1 attenuated Aβ-induced cell viability reduction, apoptosis, and hyperphosphorylation of tau protein by sponging miR-107 [173]. The PI3K/AKT signaling pathway has neuroprotective effects in AD by regulating multiple substrates. SOX21-AS1 knockdown also attenuates Aβ-dependent neuronal cell damage by promoting the miR-132/PI3K/AKT pathway [174]. These findings suggest that lncRNAs can moderate pathological changes in AD through multiple signaling pathways.




5.9. lncRNA SNHG7


The small nucleolar RNA host gene (SNHG7) is a 2157 bp long lncRNA transcribed from chromosome 9q34.3, first reported by Chaudhry in 2013 [175]. Disruption of the BBB is considered a severe pathological hallmark of AD development. Aβ deposition induces the hyperpermeability of the BBB by disrupting tight junction (TJ) proteins formed by endothelial cells (ECs) [176,177]. SNHG7 and the trans-activation response RNA-binding protein 2 (TARBP2) are upregulated in ECs incubated with Aβ1-42, and TARBP2 directly binds to SNHG7 to increase its stability. The nuclear factor of activated T cells isoform c3 (NFATC3) plays a role in endothelial cell biology [178,179]. SNHG7 suppression promotes TJ-related protein expression through miR-17-5p/NFATC3 axis and protects the BBB [180].




5.10. lncRNA ANRIL


lncRNA antisense noncoding RNA at the INK4 locus (ANRIL), also known as CDKN2B-AS1 or CDKN2B-AS1, is 3.8 kb in length and consists of 19 exons, which are transcribed by RNA polymerase II from the opposite direction of the INK4/ARF gene cluster on chromosome 9p21 [181]. ANRIL is found in many diseases associated with inflammation and neurological dysfunction. Feng et al. investigated the role of ANRIL in AD biology. Specifically, ANRIL expression was elevated in AD model cells, and ANRIL suppression ameliorated Aβ-induced neurotoxicity, such as cell activity reduction, apoptosis, and neurite growth inhibition, by targeting miR-25a. Based on these results, ANRIL may be a notable marker and therapeutic target in AD [182].




5.11. lncRNA MALAT1


Metastasis-associated lung adenocarcinoma transcript-1 (MALAT1), also named NEAT2, is a well-conserved lncRNA, transcribed on chromosome 11q13.1. It belongs to the intergenic noncoding RNA, composed of 8828 nucleotides [183,184]. MALAT1, like the housekeeping proteins GAPDH and β-actin, is abundantly expressed in the cell and preferentially localized in the nucleus [185]. MALAT1 is also highly abundant in neurons and closely associated with neuronal synapse formation [186]. In addition, its anti-inflammatory and neuroprotective effects have been studied in various diseases, such as multiple sclerosis [187]. Compared to the controls, no significant difference was found in the expression level of lncRNA NALAT1 in the brain of AD patients [134], but low levels of MALAT1 were detected in the CSF [188]. The expression of MALAT1 was also reduced in Aβ1-42-treated primary cortical neurons [189]. Similarly, Li et al. found reduced MALAT1 expression in the hippocampal tissue of AD mice [190]. These findings show that MALAT1 is reduced in the AD brain. However, this is different from the results reported by Spreafico et al., where MALAT1 interacts with miR125b to inhibit Aβ-induced apoptosis and inflammation in neurons, while promoting neurite protrusion growth. PTGS2, CDK5, and FQXQ1 are all possible downstream targets of miR-125b [189]. The PI3K/AKT signaling pathway plays an important neuroprotective role in AD, but is always poorly activated in AD [191]. A novel ceRNA network involving MALAT1/miR-30b/CNR1 can increase neuronal viability and reduce neuronal damage by Aβ in AD cells and animal models in which the PI3K/AKT signaling pathway is activated [190]. A recent study again validated that MALAT1 is significantly reduced in APP/PS1 mice, in cellular models of Aβ constructs, and even in the brains of AD patients. This gives us greater confidence to explore the role of MALAT1 in AD further [192]. Another ceRNA regulatory axis of MALAT1 was identified by Chanda et al. MALAT1/miR-200a/26a/26b/EPHA2 axis overexpression confers protection against Aβ1–42 cytotoxicity through its downstream effectors CREB, p38, and synaptophysin [192]. These findings suggest that the ceRNA regulatory mechanism of MALAT1 may be an important strategy for controlling the disease in the context of AD pathophysiology.





6. Conclusions


Through high-throughput, whole-transcriptome analysis, researchers have identified many differentially expressed lncRNAs in the brains of AD patients, thereby providing important insights into the biological and clinical relevance of lncRNAs in AD. hese differentially expressed lncRNAs interact with different molecules to form complex functional networks during the Aβ cascade hypothesis (Figure 3). Dysregulation of Aβ homeostasis, leading to Aβ accumulation, is the most important trigger of AD [3,4,5]. lncRNAs regulate the expression of AD-related genes through various mechanisms to play a key role in Aβ production, clearance, and its induced neurotoxicity (Table 1). As gene regulation research continues and more biological approaches emerge, the precise biological functions and molecular mechanisms of lncRNAs will be further elucidated, which will not only deepen the understanding of the pathological mechanisms of AD but also provide more precise theoretical guidance for the diagnosis and treatment of AD. The high tissue specificity and spatiotemporal specificity of lncRNAs make them particularly attractive as diagnostic biomarkers and specific therapeutic targets [193]. Currently, the diagnosis of AD relies on clinical symptoms, cerebrospinal fluid Aβ42, Aβ40, and amyloid PET-CT when Aβ has already been deposited in the brain, and the disease is usually in the middle to late stages. This is one of the reasons why drugs targeting Aβ have repeatedly failed. This diagnosis is only qualitative and does not achieve early disease prediction or staging. The expression of many lncRNAs changes incrementally, detrimentally, or even inversely during AD disease progression, suggesting that lncRNAs may be ideal biomarkers for AD. Additionally, lncRNAs act as functional molecules and their expression may be a more accurate indicator of disease status. lncRNAs such as lncRNA BACE1-AS have shown potential as AD biomarkers [36]. Therefore, we need to further explore the role of lncRNAs in AD diagnosis to provide a theoretical basis for early diagnosis and disease staging of AD. An antisense drug, nusinersen, has been approved for the treatment of spinal muscular atrophy. Significantly, when given to symptomatic patients, nusinersen not only improves disease symptoms but also slows disease progression. Based on the early success of nusinersen, antisense drugs offer remarkable promise as treatments for neurological disorders [194]. Antisense oligonucleotide (ASO)-based lncRNA knockdown approaches may be an innovative therapeutic strategy for the treatment of AD. Aβ accumulation in AD can be reduced by developing specific ASO downregulation lncRNAs, which is effective in AD cell models and animals [54,68,92,132,195]. Therefore, we need to explore the molecular mechanisms and complex interaction networks of lncRNAs further for targeting lncRNAs to regulate Aβ homeostasis as a new therapeutic strategy for AD.



By summarizing the literature, we also found that the target lncRNAs have all been differentially expressed in Aβ-induced animal or cellular models, which raises the question as to whether the abnormal expression of lncRNAs leads to Aβ accumulation or the accumulation of Aβ leads to the abnormal expression of lncRNAs. Aβ is detected in neurons in vivo, and endogenous Aβ42 or exogenously added Aβ42 taken up by cells can be transferred to the nucleus and is always present in low amounts in the nucleus, which supports the notion that Aβ begins to accumulate in the nucleus [196]. Aβ42 can interact with specific gene regulatory elements to affect gene expression. Thus, the main deleterious effects in AD pathogenesis may be mediated by the genetic control activity of Aβ42, as it can act as a repressor or activator of gene transcription. Therefore, if nuclear translocation of Aβ can be inhibited, gene activation of lncRNA may be avoided, thus preventing the positive feedback that triggers Aβ accumulation. Therefore, we also need to explore further the nuclear translocation pattern of Aβ or how Aβ binds to target genes, leading to lncRNA transcription.
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Figure 1. Schematic representation of regulatory mechanisms of lncRNAs during APP processing and Aβ production. lncRNAs are first produced in the endoplasmic reticulum, modified by Golgi processing, and transported to the plasma membrane, where they primarily enter the nonamyloid processing pathway (green box). lncRNAs are internalized from the plasma membrane to form early endonucleosomes, from where they: (1) Can be transported again to the plasma membrane to enter the recycling pathway, (2) Can be returned to the TGN via the reverse-transcriptase-mediated pathway, (3) Can form late intranucleosomes that enter the amyloid processing pathway (green box) or fuse with lysosomes for degradation; the above pathways are indicated by pink arrows. Grey circles marked with numbers 1–4 represent APP processing and Aβ production with the involvement of SORL1. lncRNAs regulate APP processing and Aβ production by a variety of specific mechanisms, including mRNA transcription (NDM29 and BC200), mRNA splicing (51A and 17A), miRNA sponges (BACE-AS, NEAT1, XIST, BDNF-AS, and MAG22-AS), mRNA stability (BACE1-AS), and protein activity (NDM29). 
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Figure 2. Mechanisms of lncRNA in Aβ clearance pathway. (A) Overview of Aβ clearance pathway. (B) Schematic representation of LRP1-mediated endocytosis in microglia, astrocytes, and neurons. Schematic representation of LRP1/P-gp-mediated transmigration of brain microvascular endothelial cells in BBB. This process primarily involves Aβ being internalized by LRP1 on brain microvascular endothelial cells in BBB and delivered to P-gp, which then secretes Aβ on the luminal side of BMEC, while LRP1 is recycled to the cell surface. (C) Specific mechanisms in the regulation of Aβ clearance by lncRNAs. In early AD, downregulation of lncRNA NEAT1 reduces glial-cell-mediated Aβ clearance through epigenetic histone modifications that inhibit the expression of endocytosis-related genes (CAV2, TGFB2, and TGFBR1). In AD, lncRNA XIST expression is increased, leading to reduced NEP expression via increasing enrichment of EZH2 and H3K27me3 in the NEP promoter region, thereby inhibiting enzymatic clearance of Aβ in cells. lncRNA LRP1-AS expression is increased in AD, and it directly binds to Hmgb2 and inhibits the Hmgb2-enhanced Srebp1a transcriptional activity on LRP1, thereby inhibiting LRP1 expression and thereby reducing glial- and neuronal-mediated Aβ clearance. 
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Figure 3. Complexity and interactions of lncRNAs in Aβ cascade hypothesis. Gray lines represent the ceRNA axis of lncRNAs. Black lines represent other mechanisms of action of lncRNAs, including mRNA transcription (NDM29, BC200, and LRP-AS), mRNA splicing (51A and 17A), and histone modification (NEAT1, XIST, and BDNF-AS). 
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Table 1. Aberrant expression patterns of various lncRNAs involved in Aβ cascade hypothesis.






Table 1. Aberrant expression patterns of various lncRNAs involved in Aβ cascade hypothesis.













	LncRNA
	Level
	Regulatory Mode
	Mechanism
	Effects on AD
	Reference





	BACE1-AS
	up
	modulate mRNA stability
	pairs with BACE1 mRNA to form RNA duplexes, leading to structural changes and enhanced stability of BACE1 mRNA
	promotes Aβ production
	[51]



	
	
	miRNA sponge
	increase the level of BACE1 mRNA by binding to miR-485-5p as a ceRNA
	
	[52]



	
	
	
	acts as a ceRNA by sponging miR-214-3p and regulating ATG5 expression, promoting autophagy-mediated neuronal damage
	promotes Aβ-induced neurotoxicity
	[56]



	
	
	
	targets miR-132-3p
	
	[57]



	MAGI2-AS3
	up
	miRNA sponge
	increases the level of BACE1 mRNA by binding to miR-374b-5p as a ceRNA
	promotes Aβ production
	[14]



	BC200
	up
	modulate mRNA transcription
	increase the level of BACE1 mRNA and protein
	promotes Aβ production
	[66]



	17A
	up
	splicing modulation
	inhibits the transcription of the canonical isoform of GABAB R2 by affecting GPR51 alternative splicing and impairs the GABAB signaling pathway
	promotes Aβ production
	[68]



	NDM29
	up
	modulate mRNA transcription
	increases the level of APP mRNA and protein
	promotes Aβ production
	[92]



	
	
	modulation protein activity
	increases β- and γ-secretase activities
	
	[92]



	51A
	up
	splicing modulation
	binds to the splice site of SORL1 pre-mRNA via base-pairing, resulting in a splice shift that reduces the expression of the canonical variant A
	promotes Aβ production
	[85]



	BDNF-AS
	up
	miRNA sponge
	increase the level of BACE1 mRNA by binding to miR-9-5p as a ceRNA
	promotes Aβ production
	[121]



	
	
	histone modification
	recruits Ezh2 to the BDNF promoter region to catalyze the trimethylation of histone H3-lysine 27 (H3K27met3), repressing transcription of BDNF mRNA
	promotes Aβ-induced neurotoxicity
	[120]



	LRP1-AS
	up
	Modulate mRNA transcription
	binds directly to Hmgb2 and suppresses Hmgb2-enhanced Srebp1a transcriptional activity on LRP1
	inhibit Aβ clearance
	[132]



	NEAT1
	up
	miRNA sponge
	increase the level of BACE1 mRNA by binding to miR-124 as a ceRNA
	promote Aβ production
	[136]



	
	
	
	protects ROR1 by binding to 146a-5p and 34a-5p as a ceRNA
	inhibits Aβ-induced neurotoxicity
	[197]



	NEAT1
	down
	histone modification
	inhibits acetyl-CoA generation and autoacetylation of P300, and then decreases H3K27Ac and increases H3K27Cro nearby the TSS of endocytosis-associated genes to inhibit endocytosis-associated genes expression
	inhibit Aβ clearance
	[137]



	XIST
	up
	miRNA sponge
	increase the level of BACE1 mRNA by binding to miR-124 as a ceRNA
	promote Aβ production
	[145]



	
	
	
	targets miR-132
	promotes Aβ-induced neurotoxicity
	[198]



	
	
	histone modification
	recruits Ezh2 to the NEP promoter region to catalyzes the trimethylation of H3K27met3, repressing transcription of NEP mRNA
	inhibit Aβ clearance
	[144]



	ATB
	up
	miRNA sponge
	acts as a ceRNA by sponging miR-200 and regulating ZNF217 expression
	promotes Aβ-induced neurotoxicity
	[147]



	RPPH1
	up
	miRNA sponge
	acts as a ceRNA by sponging miR-326 and regulating PKM2 expression
	inhibits Aβ-induced neurotoxicity
	[151]



	
	
	
	acts as a ceRNA by targeting miR-122 and activating downstream Wnt/β-catenin signaling
	promotes Aβ-induced neurotoxicity
	[152]



	H19
	up
	miRNA sponge
	Acts as a ceRNA by sponging miR-124 and regulating HMGB1 expression
	promotes Aβ-induced neurotoxicity
	[158]



	SNHG1
	up
	miRNA sponge
	Acts as a ceRNA by sponging miR-361-3p and regulating ZNF217 expression
	promotes Aβ-induced neurotoxicity
	[160]



	
	
	
	Acts as a ceRNA by sponging miR-137and regulating KREMEN1 expression
	
	[161]



	WT1-AS
	down
	-
	regulates the transcription factor WT1 to inhibit the miR-375/SIX4 axis
	inhibits Aβ-induced neurotoxicity
	[164]



	EBF3-AS
	up
	-
	negatively regulates EBF3
	promotes Aβ-induced neurotoxicity
	[166]



	SNHG19
	up
	miRNA sponge
	Acts as a ceRNA by sponging miR-137 and regulating TNFAIP1 expression
	promotes Aβ-induced neurotoxicity
	[170]



	SOX21-AS1
	up
	miRNA sponge
	Acts as a ceRNA by sponging the miR-132 axis to regulate PI3K/AKT pathway
	promotes Aβ-induced neurotoxicity
	[174]



	
	
	
	negatively regulate miR-107
	
	[173]



	
	
	-
	upregulates the expression of FZD3/5 and activates the Wnt signaling pathway
	
	[172]



	SNHG7
	up
	miRNA sponge
	acts as a ceRNA to regulate the miR-17-5p/NFATC3 signaling pathway and to inhibit TJ-related protein expression.
	promotes Aβ-induced neurotoxicity
	[180]



	ANRIL
	up
	miRNA sponge
	targets miR-125a
	
	[182]



	MALAT1
	down
	miRNA sponge
	regulates the expression of receptor tyrosine kinase EPHA2 via sponging miR-200a/26a/26b
	inhibits Aβ-induced neurotoxicity
	[192]



	
	
	
	Acts as a ceRNA by sponging miR-30b and regulated CNR1 expression
	
	[190]
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